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iN  oise-induced  hearing  loss  (NIHL)  continues  to  be  a  significant  public 
health  problem.  In  1987,  the  National  Institute  of  Occupational  Safety  and 
Health  rated  NIHL  as  one  of  the  United  States’  top  10  work-related  prob¬ 
lems,  involving  at  least  1 1  million  wbrkcrs  (N10SH,  1987),  The  problem  is 
even  more  severe  in  the, military.  In  1986,  the  Veteran’s  Administration 
paid  over  M67  million  for  compensation  claims  related  to  NIHL,  The  prob¬ 
lem  is  equally  serious  in  Europe,  where  over  15  million  people  work  in  po¬ 
tentially  dangerous  noise  environments,  While  these  statistics  are  alarming, 
they  do  not  begin  to  reflect  the  personal  hardship,  the  diminished  quality  of 
life,  arid  the  loss  in  personal  productivity  associated  with  NIHL 

Fortunately,  the  problem  of  NIHL  has  not  been  ignored  by  the  scien¬ 
tific  community  and,  over  the  past  decade,  considerable  progress  has  been 
made  in  understanding  many  of  the  important  issues.  The  current  volume  is 
intended  to  provide  the  reader  with  an  overview  of  many  of  the  important 
advances  that  have  been  made  In  understanding  the  basic  science  and  ap¬ 
plied  aspects  of  noise-induced  hearing  loss  in  recent  years.  For  example, 
scientists  are  beginning  to  reveal  the  cellular  mechanism  of  noise-induced 
hearing  loss;  how  acquired  hearing  loss  is  exacerbated  by  other  environ¬ 
mental  factors;  how  digital  electronics  can  be  useblr.  the  next  generation 
of  acoustic  monitoring  devices;  anil,  most  recently,  how  individuals  might 
be  screened  for  susceptibility  uf  NIHL  These  Issues  and  solutions  require 
the  coordinated  efforts  of  scientists  from  quite  diverse  disciplines.  For  soci¬ 
ety  to  use  the  new  information  and  for  scientists  to  continue  to  make 
progress,  it  is  important  to  have  a  forum  in  which  progress  can  be  dis¬ 
cussed  and  integrated  to  develop  directions  for  new  rcseaich. 

In  1975,  members  of  the  Organizing  Committee,  with  support  from 
NIOSH,  hosted  an  International  conference  on  the  problem  of  NIHL  The 
conference  brought  together  experts  from  most  of  the  disciplines  con¬ 
cerned  with  NIHL  Each  participant  presented  a  critical  review  of  a  topic 
along  with  the  individual’s  own  recent  contributions.  The  papers  and  dis¬ 
cussions  of  the  symposium  were  published  and  became  a  standard  refer¬ 
ence,  Since  then,  two  international  conferences  have  been  held,  one  in 
1980  and  another  in  1985.  Collectively,  the  proceedings  from  these  confer¬ 
ences  have  become  one  of  the  most  definitive  sources  of  information  on 
NIHL  and  have  had  a  direct  impact  on  noise  legislation. 

In  the  five  years  since  the  last  conference,  significant  advances  have 
been  made  in  understanding  both  the  basic  science  and  the  applied  aspects 
of  NIHL  The  most  recent  conference  was  held  in  Beaune,  France,  May  28- 
30,  1990,  and  the  proceedings  of  the  conference  forms  the  basis  of  this 
book.  The  papers  contained  in  this  volume  have  been  divided  into  seven, 
sections,  which  focus  on  important  basic  science  and  applied  issues  de¬ 
scribed  below, 

1.  Cochlear  Mechanisms  of  NIHL.  Basic  scientists  working  on  the 
mechanics  and  biochemistry'  of  the  cochlea  have  begun  to  study  the 
changes  associated  with  NIHL  The  application  of  laser  interferometry  is  lo¬ 
ginning  to  reveal  the  complicated  interrelation  between  the  vibrational  pat¬ 
tern  of  the  cellular  subsystems  within  the  cochlea  and  how  they  change 
with  NIHL  Auditory  physiologists  continue  to  document  the  complex  set 
of  changes  in  the  neural  code  from  ebehleas  damaged  by  noise,  while  other 
laboratories  are  studying  the  physiology  of  hair  cells  from  noise-damaged 
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cochlcas.  Research  on  cochlear  echoes  in  normal  and  pathologic  cars  can 
now  be  interpreted  in  terms  of  controlled  changes  in  cochlear  mechanics. 
Collectively,  these  results  have  important  implications  for  understanding 
the  cochlear  changes  associated  with  NIHL 

2.  Central  Changes  In  SOIL.  The  effects  of  noise  arc  typically 
thought  to  be  limited  to  cocHear  function.  Howe'er,  recent  anatomic  and 
physiologic  data  suggest  thar peripheral  hearing  loss  may  influence  central 
auditor}'  processing.  This  information  may  be  important  for  both  compen¬ 
sation  and  rehabilitation  strategics, 

3-  Co-factors  in  NIHL  The  relation  between  a  given  noise  exposure 
and  the  degree  of  hearing  loss  is  not  simple.  It  is  partially  mediated  by 
other  nonacoustic  variables  such  as  vibration,  ototoxic  drugs,  and  certain 
airborne  pollutants.  A  better  appreciation  of  these  potential  interactions  is 
critical  for  minimizing  the  risk  of  KIHL  in  the  workplace.  Also,  the  effects  of 
intense  noise  exposure  may  be  partially  mediated  by  the  do  cfopmental  sta¬ 
tus  of  the  subject.  Data  from  animal  studies  point  to  a  “critical"  period  in 
auditor)'  development  that  coincides  with  increased  susceptibility'  to  the  ef¬ 
fects  of  noise.  Other  studies  with  aged  animals  suggest  that  elderly  subjects 
arc  more  vulnerable  to  the  effects  of  noise.  It  is  important  to  integrate  this 
information  and  explore  the  relevance  to  noise  standards  for  humans. 

4.  Performance  Changes  in  NIHL  The  problem  of  NjilL  has  cap¬ 
tured  the  interest  of  ps>cboacou$tics,  and  the  field  has  moved  bevond  cor¬ 
relating  cochlear  pathology  with  dunges  in  pure  tone  thresholds.  Psychoa¬ 
cousticians  have  begun  to  document  a  wide  range  of  suprathreshold  hear¬ 
ing  deficits  that  affect  frequency  selectivity',  temporal  resolution,  intensity 
coding,  and  sound  localization.  These  deficits  almost  certainly  contribute  to 
poor  speech  perception  and  need  to  be  considered  when  designing  and  fit¬ 
ting  hearing  aids. 

5.  Hearing  Protection.  The  current  noise  standards  arc  limited  to 
some  extent  by  noise  measurement.  Recent  developments  in  digital  elec¬ 
tronics  have  made  possible  the  design  of  more  valid  monitoring  systems 
which  could  be  useful  in  estimating  the  traumatic  power  of  impulse  and  im¬ 
pact  noise.  In  addition,  personal  hearing  protection  devices  arc  not  used  as 
extensively  as  the)'  might  be  because  of  design  problems.  Active  hearing 
protection  devices  may  prove  extremely  useful  when  communication  is 
needed  in  noisy  environments. 

6.  Susceptibility  and  Resistance •,  to  Noise.  Historically,  studies  of  in¬ 
dividual  susceptibility  have  focused  on  such  variables  as  eye  color,  sex, 
smoking  and  heart  disease.  Although  each  of  these  may  have  some  predic¬ 
tive  value,  they  contribute  only  a  small  part  to  the  range  of  susceptibility 
seen  in  studies  in  NIHL  Recent  data  suggest  that  the  efferent  system  to  the 
cochlea  and  the  acoustic  reflex  may  protect  the  auditory  system  from  NIHL 
Individual  differences  in  either  of  these  protective  mechanisms  may  con¬ 
tribute  significantly  to  the  determination  of  susceptibility'  to  NIHL  Of  par¬ 
ticular  interest  is  the  possibility  that  certain  noise  exposures  can  protect 
the  auditory  system  from  future  traumatic  exposures. 

7.  Parameters  of  the  Exposure.  Parametric  studies  of  continuous, 
impulse,  impact,  and  intermittent  noise  continue  to  clarify  the  importance 
of  the  acoustic  parameters  in  NIHL  Several  laboratories  have  reported  on 
the  differences  (both  audiologically  and  histologically)  between  impulse/ 
impact  noise  and  continuous  noise.  These  results  arc  critical  for  the  evalu¬ 
ation  of  noise  standards.  In  addition,  studies  of  isolated  hair  cells  may  pro- 


vide  a  perspective  oo  tbc  changes  ta  ibe  mechanical  propertks  of  the  bay 
erfb  that  arc  caa^  br  o^wsorc  to  trronmic  aod  nocaraoasaic  noise. 

Important  advances  made  in  each  of  the  seven  topic  areas  art  pro¬ 
vided  by  a  team  of  internatiortaUr  recognized  experts  from  a  broad  range  of 
disciplines.  It  is  hoped  that  this  book  miH  sent  as  a  source  of  up-todatc 
material  that  mill  be  used  to  educate  and  m£xm  government  officials  and 
the  public  as  wcE  as  to  stimulate  further  research  that  mill  provide  new  in- 
signs  into  the  basic  science  and  applied  aspects  of  noise-induced  hearing 
loss. 
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CHAPTER  I 


Mechanical  Analysis  in  the  Cochlea 
at  the  Cellular  Level 

SHYAM  M.  KHANNA 
Ake  FLOCK 
MATS  ULFENDAHL 


The  use  of  an  optical  sectioning  microscope 
and  a  heterodyne  interferometer  in  combina¬ 
tion  has  allowed  us  to  measure  the  individual 
ccl’ular  mechanical  responses  in  a  guinea  pig 
temper*! '  bone  preparation  in  response  to 
sound  applied  to  the  car.  The  initial  observa¬ 
tions  in  this  preparation  were  reported  earlier 
(ITER,  1989).  The  original  method  had  several 
limitations,  and  wc  have  tried  to  reduce  or 
eliminate  them  in  a  systematic  way.  Some  of 
these  limitations  were  as  follows:  (I)  because 
the  preparation  was  immersed  in  tissue  cul¬ 
ture  medium,  it  was  connected  to  the  sound 
source  with  a  long  tube;  therefore  the  sound 
pressure  could  not  be  measured  near  the 
tympanic  membrane  (Khanna  et  al,  1989c); 
(2)  the  carricr-to  noise  ratio,  of  the  Interfer¬ 
ometer  was  adequate  for  the  measurements 
on  the  Henscn’S  cells,  which  had  higher  re¬ 
flectivity,  but  only  marginal  for  other  struc¬ 
tures;  (3)  the  dipping  cone  used  on  the 
objective  lens  for  vibration  measurements  in 
the  cochlea  did  not  have  sufficient  working 
distance  for  measurements  of  malleus  vibra¬ 
tion,  needed  as  a  reference  for  the  cochlear 
vibratory  response. 

These  limitations  were  removed  by  the 
following  improvements  in  the  measuring  sys¬ 
tem:  ( 1 )  the  length  of  the  tube  connecting  the 
acoustic  transducer  to  the  preparation  was 
shortened  to  a  minimum,  and  a  flexible  probe 
microphone  tube  was  designed  so  that  sound 
pressure  could  be  measured  at  the  entrance  of 
the  bony  meatus  \yithin  a  few  millimeters  of 
the  tympanic  membrane;  (2)  the  interferome¬ 
ter  performance  was  improved  by  a  series  of 
steps  that  included  (a)  use  of  a  lens  of  higher 
numerical  aperture,  (b)  reduction  o/  internal 
light  losses  in  the  interferometer  to  maximize 
the  power  reaching  the  photodetector,  (c) 


use  of  a  detector  with  lower  noise,  (d)  im¬ 
provement  in  the  alignment  technique,  and 
(e)  incorporation  of  a  piezoelectric  translator 
system  so  that  micromctric  adjustments  of  the 
position  of  the  temporal  bone  could  be  made 
during  the  measurements.  Tliis  system  allows 
us  to  maintain  the  carrier  level  near  the  maxi¬ 
mum  value  throughout  the  experiment. 

These  improvements  enable  us  to  regu¬ 
larly  measure  the  vibratory  response  of  co¬ 
chlear  structures  of  low  reflectivity,  such  as 
the  outer  hair  cells  and  the  basilar  membrane. 
The  measurements  arc  highly  repeatable  and 
can  now  be  made  over  a  wider  frequency  and 
amplitude  range. 

One  of  the  most  puzzling  issues  raised  by 
our  previous  measurements  was  the  relation¬ 
ship  between  the  outer  hair  cell  and  the  basi¬ 
lar  membrane  vibrations  (Khanna  ct  al,  1989a) 
Tliis  issue  can  now  be  investigated  further  us¬ 
ing  the  improved  technique  of  measurement. 

Methods 

Young,  pigmented  guinea  pigs  were  used 
for  the  measurements.  The  technique  of  pre¬ 
paring  the  temporal  bone  and  opening  the  co¬ 
chlea  was  described  earlier  (Ulfcndahl  ct  al, 
1989a,b)  The  temporal  bone,  immersed  in 
oxygenated  tissue  culture  medium,  was 
mounted  on  a  holder  and  attached  to  the  mi¬ 
cropositioning  system  of  the  microscope-in¬ 
terferometer.  The  cochlear  structures  were 
viewed  through  an  objective  lens  (Olympus 
ULWD  MS  PLAN  20  X)  with  a  custom-built 
dipping  cone  (for  immersion)  at  a  6-mm 
working  distance. 

The  cochlea  was  viewed  with  the  optical 
sectioning  microscope  (Koester  et  al,  1989), 
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Frequency  (Hz) 


Frequency  (Hz) 


Figure  1-1  Sound  pressure  amplitude  in  microbars  ( A X  and  phase  In  degrees  (BX  measured  as  a  function  of  fre* 
qucncy  at  the  entrance  to  the  bony  ear  canal  for  a  constant  input  voltage  of  2V  peaX  applied  to  the  acoustic  system 


and  the  cellular  vibrations  were  measured 
with  the  heterodyne  interferometer  (Willemin 
ct  al,  1989),  in  response  to  sinusoidal  acoustic 
signals  applied  to  the  ear.  The  signals  were 
generated,  recorded,  and  analyzed-  digitally 
(Lund  and  Khanna,  1989). 

The  x,  y,  and  z  coordinates  of  the  mea- 
surement  points  were  determined  with  1-pm 
resolution,  using  a  Mitutoyo  position  measur¬ 
ing  system  connected  to  the  micropositioning 
system  (Khanna  et  al,  1989d).  The  position  of 
the  measuring  beam  with  respect  to  cellular 
structures  could  then  be  compared  with  the 
anatomically  measured  distances  between 
these  structures  (Kelly,  1989a,b;  Kelly  et  al, 
1989). 

The  measurements  were  made  from  the 
left  temporal  bone  in  the  third  turn  at  a  posi¬ 
tion  approximately  16  mm  from  the  base  of 
the  cochlea.  The  results  reported  here  arc 
from  one  experiment,  but  data  supporting 
these  findings  arc  available  from  several  other 
experiments.  It  has  been  shown  that  the  re¬ 
sponse  of  the  cells  deteriorates  with  time  (Ul- 
fendahl  et  al,  1989c);  thus,  the  first  response 
was  measured  within  1  hour  of  the  time  of  de¬ 


capitation,  and  measurements  were  continued 
for  another  hour. 

Observations 

Acoustic  Measurements 

The  sound  pressure  generated  at  the  en¬ 
trance  of  the  bony  auditory  meatus  when  a  si¬ 
nusoidal  signal  of  2  V  peak  amplitude  is  ap¬ 
plied  to  the  acoustic  system  is  shown  in  Fig¬ 
ure  1-M.  The  frequency  response  in  the  tem¬ 
poral  bone  preparation  is  relatively  flat*  over 
the  2-kIiz  frequency  region.  However,  the 
notch  at  120  Hz  is  not  regularly  seen,  The 
maximum  value  of  the  sound  pressure  that 
can  be  produced  by  our  present  acoustic 
transducer  is  about  104  dB  SPL 

The  phase  of  the  acoustic  signal  with  ref¬ 
erence  to  the  phase  of  the  electrical  input  to 
the  sound  system  is  shown  in  Figure  1-1R  The 
linear  slope  of  the  curve  is  -0265  degrees 
per  Hz.  This  is  mainly  due  to  the  propagation 
time  in  the  sound  tubes  connecting  the  acous¬ 
tic  transducer  to  the  ear  canal  of  the  prepara¬ 
tion.  Because  the  probe  tube  measuring  the 
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Figure  1*2  A,  Malleus  vibration  amplitude  In  meters  per  mlcrobar.  B,  Phase  In  degrees  measured  as  a  function  of 
frequency. 


sound  pressure  is  now  located  close  to  the 
tympanic  membrane,  the  effects  of  these  tubes 
on  the  measurements  can  be  accounted  for.  A 
two-channel  recording  system  allows  the  vi¬ 
bration  measurements  with  the  interferometer 
to  be  recorded  simultaneously  with  the  sound 
pressure;  therefore,  the  acoustic  Input  can  be 
used  as  a  convenient  reference  to  describe  the 
vibratory  response. 

The  immersion  of  the  middle  car  in  the 
fluid,  however,  alters  the  vibratory  response  at 
any  given  sound  pressure  level  and  frequency 
from  the  normal  condition — ic.,  when  the 
middle  ear  cavity  1$  filled  with  air  (Decraemer, 
unpublished  observation).  To  take  this  change 
into  account,  it  is  important  to  have  an  addi¬ 
tional  reference  that  reflects  the  actual  middle 
ear  vibration  whether  the  cavity  is  fluid  filled 
or  not. 

Malleus  Vibration 
Characteristics 

Malleus  vibration  amplitude  measured  as 
a  function  of  sound  pressure  level  at  the  en¬ 


trance  of  the  bony  meatus  can  be  employed  as 
a  reference  for  the  vibratory  response  mea¬ 
sured  in  the  cochlea  under  the  same  experi¬ 
mental  conditions.  The  inner-ear  responses 
can  then  be  described  in  terms  of  the  malleus 
vibrations. 

In  the  guinea  pig  ear,  it  is  anatomically 
impossible  to  view  from  the  middle  ear  side 
the  manubrium  of  the  malleus  at  an  angle  per¬ 
pendicular  to  its  direction  of  vibration,  be¬ 
cause  the  cochlea  blocks  this  view  (Khanna  et 
al,  1989c).  With  the  new  long-working  dis¬ 
tance  (6  mm)  dipping  cone,  the  manubrium 
of  the  malleus  can  be  observed  at  the  best 
possible  viewing  angle.  However,  at  these  ob¬ 
lique  angles,  the  response  shape  is  highly  an¬ 
gle-dependent.  The  use  of  the  malleus  vibra¬ 
tion  as  a  reference  therefore  contains  a  vari¬ 
able  that  varies  from  preparation  to  prepara¬ 
tion,  Experiments  are  now  under  way  to 
determine  the  magnitude  of  this  angle-depen- 
dent  variability. 

The  malleus  vibration  amplitude  calcu¬ 
lated  for  a  constant  sound  pressure  level  of  1 
pbar  at  the  entrance  of  the  ear  canal  is  shown 
in  Figure  1-2A.  The  response  amplitude  in- 
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Frequency  (Hz) 

Figure  1*3  Vibration  amplitude  measured  In  meters  per  microbar  as  a  function  of  frequency*  Measurements  were 
made  In  a  radial  direction  moving  from  the  outer  bony  edge  of  the  cochlea  Inwards.  Input  voltage  to  the  acoustic 
system  was  maintained  constant  at  20  V  peak,  Basilar  membrane,  0  pm  (solid  line).  Basilar  membrane  closer  to  the 
Hensen’s  cell  edge,  +25  pm  (dotted  line).  Hensen’s  cell  outer  edge,  +58  pm  (dashed  line).  Hensen's  cell  inner 
edge,  + 1 1 1  pm  (dashed  dotted  line).  Second  row  outer  hair  cell,  + 187  pm  (dashed  triple  dotted  line). 


creases  with  frequency  from  25  Hz,  reaching  a 
peak  in  the  120-Hz  region.  Thereafter,  the  re¬ 
sponse  decreases  with  increasing  frequency  at 
a  rate  of  roughly  12  dB  per  octave. 

The  malleus  vibration  phase  measured 
with  reference  to  the  sound  pressure  phase  at 
the  entrance  of  the  auditor)*  meatus  is  shown 
in  Figure  1-2B,  The  phase  angle  decreases 
from  + 180  degrees  to  0  degrees  from  25  to 
170  Hz  and  remains  at  nearly  0  degrees  up  to 
1900  Hz. 

Cellular  Vibration 
Characteristics 

The  vibration  amplitude  measured  from 
selected  cells  is  shown  as  a  function  of  fre¬ 
quency  in  Figure  1*3  for  a  constant  sound 
pressure  of  1  pbar.  The  measurements  can  be 
made  along  a  radial  track,  moving  inward  from 
the  peripheral  part  of  the  basilar  membrane 
across  the  organ  of  Corti  towards  the  modio¬ 
lus,  In  this  experiment,  the  vibration  was  mea¬ 
sured  (1)  at  two  locations  on  the  peripheral 


part  of  the  basilar  membrane,  attempting  to 
make  the  second  measurement  as  dose  to  the 
border  formed  by  the  outer  edge  of  the  Hen- 
sen's  cells  as  technically  possible;  (2)  at  two 
locations  at  the  Hensen's  cell  region,  near  the 
outer  edge  and  close  to  the  inner  edge;  and 
(3)  at  a  second-row  outer  hair  cell. 

The  vibration  amplitude  increases  pro¬ 
gressively  on  the  basilar  membrane  as  we 
move  inward,  reaching  a  maximum  at  the 
outer  edge  of  the  Hensen’s  cell  region.  The  vi¬ 
bration  amplitude  of  the  Hensen’s  cells  at  the 
outer  edge  is  about  four  times  higher  than  that 
of  the  basilar  membrane  just  below  it.  The  vi¬ 
bration  amplitude  of  the  cells  on  the  reticular 
lamina  decreases  progressively  as  we  move 
further  inwards.  Tliese  observations  confirm 
those  previously  reported  (Khanna  ct  al, 
1989a,b).  As  reported  before,  the  shapes  of 
the  tuning  curves  at  all  points  measured  are 
similar. 

The  basilar  membrane  vibration  ampli¬ 
tude  increases  as  we  move  inward,  closer  to 
the  Hensen’s  cells.  At  present,  we  arc  unable 
to  measure  the  basilar  membrane  vibrations 
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Frequency  (Hz) 

Figure  1-4  Vibration  phase  corresponding  to  the  amplitude  cur\c  shown  in  Figure  13  (reference  phase  acoustical 
signalX  Basilar  membrane,  0  pm  (solid  line).  Basilar  membrane  closer  to  the  Henscns  cell  edge,  +25  pm  (dotted 
line).  Hcnscn’s  cell  outer  edge,  +58  pm  (dashed  lincX  Hcnscn's  cell  inner  edge,  +111  pm  (dashed  dotted  line). 
Second  row  outer  hair  cell,  +187  pm  (dashed  triple  dotted  IlneX 


further  inward,  l.c.,  at  the  part  underlying  the 
organ  of  Cord,  because  the  interferometer  sig¬ 
nal  becomes  too  weak  as  the  measuring  beam 
penetrates  the  cell  layers  overlying  the  mem¬ 
brane, 

Vibration  phase  corresponding  to  the  am¬ 
plitude  curves  of  Figure  1*3  Is  shown  in  Figure 
1*4.  The  reference  In  these  figures  is  the 
sound  pressure  phase.  The  slope  is  approxi¬ 
mately  linear.  In  the  region  of  250  to  1300  Hz, 
its  value  for  the  basilar  membrane  curve  is 
-0,55  degrees  per  Hz,  The  slope  is  progres¬ 
sively  steeper  for  outer  hair  cells  and  Hensen’s 
cells.  Beyond  1300  Hz,  the  slope  of  the  curve 
begins  to  decrease.  In  this  region,  the  phase 
curves  diverge  more  from  each  other. 

Ratio  of  Cellular  Amplitude 
and  Malleus  Amplitude 

Tlie  cellular  vibration  amplitudes  shown 
in  Figure  1-3  were  divided  by  the  malleus  vi¬ 
bration  amplitude  shown  in  Figure  12/1.  The 
results  are  shown  in  Figure  1-5,  rhe  peak  of 


the  response  is  at  910  Hz.  The  response  in¬ 
creases  with  frequency  between  50  and  200 
Hz  with  a  shallow-  slope  (**  12  dB  per  octave) 
and  then  with  a  steeper  slope  of  varying  de¬ 
gree  as  it  approaches  the  resonance  peak.  Be¬ 
yond  the  resonance  peak,  the  response  drops 
off  and  the  slope  becomes  progressively 
steeper  with  increasing  frequency. 

Curves  obtained  by  subtracting  the 
malleus  vibration  phase  (Fig.  1-2B)  from  cellu¬ 
lar  vibration  phase  (Fig.  1-4)  arc  shown  in  Fig¬ 
ure  1-6.  These  curves  show  the  same  charac¬ 
teristics  discussed  with  Figure  1-4. 

Relationship  Between  the 
Outer  Hair  Cell  and  Basilar 
Membrane  Response 

The  basilar  membrane  vibration  ampli¬ 
tude  was  divided  by  the  outer  hair  cell  vibra¬ 
tion  amplitude  (Fig  1-3),  the  results  are 
shown  in  Figure  1-7.  In  the  region  nearest  to 
the  Hensen’s  cell  (dotted  line),  the  ratio  is 
nearly  1;1  at  70  Hz  and  above  1600  Hz.  The 


Figure  1-5  Vibration  amplitudes  shown  In  Figure  1*3  divided  by  the  malleus  vibration  amplitude  shown  in  Figure 
1-2  Basilar  membrane,  0  pm  (solid  line)-  Basilar  membrane  closer  to  the  Hensen’s  cell  edge,  +25  pm  (dotted  line). 
Hensen’s  cell  outer  edge,  +58  pm  (dashed  line)  Hensen’s  cell  inner  edge,  +111  pm  (dashed  dotted  line).  Second- 
row  outer  hair  cell,  + 187  pm  (dashed  triple  dotted  UncX 


Frequency  (Hz) 

Figure  1*6  Vibration  phase  shown  in  Figure  14,  referred  to  the  malleus  vibration  phase.  Basilar  membrane,  0  pm 
(solid  line).  Basilar  membrane  closer  to  the  Hensen’s  cell  edge.  +25  pm  (dotted  line)  Hensen’s  cell  outer  edge, 
+ 58  pm  (dashed  line)  Ilcnsen’s  cell  inner  edge,  +111  pm  (dashed  dotted  line  l  Second  row  outer  hair  cell,  + 187 
pm  (dashed  triple  dotted  line). 
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Figure  1-7  A.  Ratio  of  thcb&ibr  membrane  vibration  amplitude  to  the  second-row  outer  hair  cell  vibration  ampli¬ 
tude  and  B,  the  difference  in  their  vibration  phases,  shown  for  two  positions  on  the  basilar  membrane.  Dotted  line, 
dose  to  the  outer  edge  of  the  Hensen  ceils;  solid  line,  near  the  Hensen  edge  but  not  as  dose  to  it. 


ratio  is  about  1:2  in  the  region  between  200 
and  900  Hz.  The  curve  for  the  position  to* 
wards  the  outer  edge  follows  a  similar  pattern, 
although  the  ratios  are  lower  in  magnitude. 

The  phase  difference  between  the  basilar 
membrane  vibrl^ons  and  the  outer  hair  cell 
vibrations  is  shown  in  Figure  1*7 B.  The  differ¬ 
ence  is  nearly  0  degrees  between  150  and  650 
Hz.  It  increases  with  frequency'  and  reaches  a 
maximum  value  of  -90  degrees  at  1750  Hz 
(solid  line).  The  phase  difference  b  position- 
dependent — i  e.,  it  b  smaller  at  the  peripheral 
position  on  the  basilar  membrane  (dotted 
line). 

Discussion 

The  close  similarity  between  the  fre¬ 
quency  responses  of  the  vibrations  of  the 
outer  hair  cell  and  the  vibrations  of  the  basilar 
membrane,  and  the  nearly  zero  phase  angle 
between  them,  clearly  indicate  that  the  two 
responses  arc  closely  tied  together.  The 
change  in  the  ratio  of  the  basilar  membrane  vi¬ 


bration  amplitude  to  the  outer  hair  cell  vibra¬ 
tion  amplitude  with  frequency  suggests  that 
the  driving  b  more  efficient  near  the  reso¬ 
nance  frequency  and  less  efficient  at  frequen¬ 
cies  both  below  and  above  the  peak  fre¬ 
quency.  Thb  ratio  is  different  in  each  experi¬ 
ment  and  changes  with  time  in  the  same  pop¬ 
ulation. 

The  basilar  membrane  vibration  ampli¬ 
tude  increases  as  the  point  of  measurement 
moves  inward.  We  do  not  know  if  thb  ampli¬ 
tude  continues  to  increase  as  we  move  further 
inwards  underneath  the  Hensen’s  cell  and 
outer  hair  cell  regions.  If  the  basilar  mem¬ 
brane  vibration  were  to  increase  under  these 
eelb  to  a  magnitude  comparable  to  that  of  the 
Hensen’s  eelb  and  they'  both  vibrated  w  ith  the 
same  phase,  it  would  suggest  that  the  basilar 
membrane  is  driving  the  org3n  of  Corti  In  thb 
ease  we  may  not  be  able  to  explain  why  the 
direction  of  maximum  vibration  is  along  the 
axb  of  the  outer  hair  cells  (Khan  02-  ct  al, 
1939c),  because  thb  axis  b  inclined  at  an  an¬ 
gle  of  approximately  27  degrees  to  the  plane 
of  the  basilar  membrane  (Kelly,  1989b).  We 
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could  also  noc  cxpbin  tbc  drakes  seen  in  the 
ctflubr  tuoifig  zJoeg  the  radial  axis  of  the  co¬ 
chlea  (Khanna  ct  al.  1989b).  To  answer  these 
qaestiocs  properly,  it  would  be  necessary  to 
measure  the  Taxations  at  both  tbc  top  2nd 
bottom  of  the  ceils  in  the  organ  of  Cbrti. 
Technical  improvements  rn  ibc  system  2rc 
now  under  way  to  make  it  feasible- to  relate 
the  vibration  p2ttcm  of  the  ceils  of  the  organ 
of  Cbrti  to  the  motion  of  the  basilar  mem¬ 
brane  beneath  the  organ. 

Analyse  Mecanique  au 
Niveau  Cellulaire  dans  la 
Cochlee 

La  mesure  dc  la  reponse  mecanique  au 
niveau  cellulaire  dans  la  cochlcc  est  des  en uc 
possible  avec  un  instrument  qui  combine  un 
microscope  confocal  ct  un  interferometre  het¬ 
erodyne. 

Les  vibrations  ccllulaircs  mcsurccs  cn  re¬ 
ponse  a  un  stimulus  acoustiquc  applique  a 
Toreillc  rcrclent  un  melange  complexe  dc  re- 
ponses  non-lineafrcs  continues  d  alternatives. 
Ccs  reponses  valient  avec:  ( 1 )  la  position  radi- 
alc;  (2)  la  position  longitudinale;  (3)  la  pro- 
fondcur;  (4)  Tangle  dc  mesure;  (5)  la  fre¬ 
quence  du'*ignal;  (6)  Tampbtude  du  signal; 
(7)  b  condition  metabolique  de  b  cellule. 
Bien  que  dc  nombreuses  experiences  soient 
encore  nccessaircs  pour  comprcndrc  Torigine 
dc  ccs  rcponscs  ct  pour  les  caractcriscr,  unc 
image  prcliminairc  emerge  selon  bquclle  b 
transduction  auditive  serait  un  precede  hautc- 
ment  dynamique  qui  cbmprcndrail  les  cflfcts 
combines  dcs  rcponscs  ccllulaircs  dc-.diflcr- 
ents  types. 
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CHAPTER  2 


Effects  of  Intense  Acoustic 
Stimulation  on  the  Nonlinear 
Properties  of  . Mammalian  Hair  Cells 

ALAN  R.  CODY 
IANJL  RUSSELL 


In  the  mammal  iai.  cochlea,  two  forces  act  to 
reduce  the  ability  of  the  primary  mechanorc- 
ccptor  to  produce  voltage  responses  to  high* 
frequency  acoustic  stimuli  First,  frictional 
forces  in  the  fluid-filled  compartments  damp 
the  vibration  of  the  cochlea  partition.  Second, 
the  capacity  c  electrical  properties  of  the  hair 
cell  membranes  effectively  low-pass  filter  the 
phasic  or  AC  components  of  the  receptor  po¬ 
tential  at  the  rate  of  approximately  6  dB  per 
octave  above  about  1  KHz  (Russell  and  Scllick, 
1978;  Russell  and  Palmer,  1986).  In  theory, 
the  combination  of  these  two  forces  should 
make  it  progressively  more  difficult  for  an  ani* 
mal  to  detect  acoustic  stimuli  above  1  kHz. 
The  fundamental  problem  of  detecting  high* 
frequency  sounds  appears  to  have  been  over¬ 
come  in  the  mammalian  cochlea  by  two  sepa¬ 
rate  nonlinear  mechanisms,  both  of  which  op¬ 
pose  or  reduce  these  effects  and  act  to  estab¬ 
lish  the  high  degrees  of  frequency  selectivity 
and  sensitivity  that  are  features  of  the  cochlea. 
One  source  of  nonlinearity  is  the  transducer 
conductance  of  the  hair  ceil.  In  response  to  si¬ 
nusoidal  stimuli  delivered  cither  as  an  acous¬ 
tic  stimulus  to  the  cochlea  or  as  a  direct  dis¬ 
placement  of  the  stcreocilia  of  the  individual 
hair  cell,  the  receptor  potential  becomes 
asymmetrical,  which  results  in  a  steady-state 
or  DC  component  (Russell  and  Scllick,  1978; 
Russell  ct  al,  1986,  Hudspeth  and  Core)’, 
1977).  This  potential  is  not  influenced  by  the 
capacitive  electrical  properties  of  the  cell 
membrane,  therefore,  the  hair  cell  can  pro¬ 
duce  excitatory  potentials  to  high-frequency 
stimuli. 


Another  source  of- nonlinear  behavior  in 
the  cochlea  is  that  associated  with  the  vibra¬ 
tion  of  the  cochlear  partition.  Direct  measure¬ 
ments'  of  basilar  membrane  micromechanics 
reveal  that  for  any  single  position  along  the 
cochlear  duct,  the  displacement  of  the  mem¬ 
brane  is  highly  tuned  (Khanna  and  Leonard, 
1982;  Scllick  et  al,  1982).  This  tuning  is  labile 
and  susceptible  to  cochlear  insult  in  the  form 
of  loud  sounds,  anoxia,  and  specific  damage  to 
the  outer  hair  cells  (see  Patuzzi  and  Robert¬ 
son,  1988,  for  a  review').  More  recently,  this 
group  of  cells  has  been  shown  to  have  motile 
properties  when  placed  in  an  alternating  elec¬ 
trical  field  (Brownell  ct  al,  1985)  or  during  in¬ 
tracellular  injection  of  AC  or  DC  current  (Ash¬ 
more,  1987).  This  evidence,  coupled  with  the 
observation  that  the  cochlea  can  emit  sound 
(Kemp,  1979),  has  led  to  the  proposal  that 
outer  hair  cells  (OHCs)  in  the  mammalian  co¬ 
chlea  may,  through  their  motile  properties,  in¬ 
ject  mechanical  energy  back  into  the  basilar 
membrane  in  a  frequency*  and f phase-depen¬ 
dent  manner  that  acts  to  enhance  the  displace¬ 
ment  of  the  partition  (Neely  and  Kim,  1986, 
Weiss,  1982;  McMullen  and  Mountain,  1985). 
This  effectively  counteracts  the  viscous  damp¬ 
ing  forces  in  »hc  cochlea.  It  would  appear, 
therefore,  that  the  cochlea  has  solved  the  two 
fundamental  problems  relating  to  the  detec¬ 
tion  of  high  frequency  acoustic  stimuli. 

After  overstimulation,  the  cochlea’s  ability 
to  detect  high  frequency  stimuli  is  reduced 
(Cody  and  Johnstone,  1980),  Presumably,  tins 
means  that  either  the  cochlear  micromcchan 
ics  or  the  nonlinear  properties  of  the  hair  cell, 
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or  a  combination  of  the  two,  have  been  modi¬ 
fied.  Thus,  the  supposition  is  that  a  loss  of  the 
nonlinear  properties  of  the  cochlea  after 
acoustic  overstimulation  may  contribute  to,  or 
underlie,  noise-induced  hearing  loss.  Intracel¬ 
lular  data  from  both  inner  and  outer  hair  cells 
recorded  in  the  basal  coil  of  the  guinea  pig  co¬ 
chlea  tend  to  support  this  supposition  in  that 
the  responses  of  these  two  hair  cell  groups  to 
acoustic  stimulation  become  increasingly  lin¬ 
ear  during  and  after  exposure  to  loud  sound. 

Methods 

The  specific  methods  for  the  intracellular 
recording  of  responses  from  mammalian  hair 
cells  have  been  extensively  documented  in  a 
number  of  previous  publications  (Russell  and 
Scllick,  1978;  Codv  and  Russell,  1985).  Access 
to  the  hair  cells  is  via  a  small  hole  shaved  in 
the  bony  wall  of  the  basal  turn  or  high  fre¬ 
quency  end  of- the  cochlea,  where  best  fre¬ 
quencies  for  receptors  usually  fall  between  16 
and  22  kHz.  Glass  micropipcttes  with  nominal 
impedances  of  between  80  and:120  MM52  (3 
M  KCI)  are  advanced  under  visual  guidance 
through  the  undrained  perilymph  of  the  scala 
lyi.ipam  into  the  organ  of  Coni.  Receptor  cell 
types  arc  usually  classified  according  to  their 
responses  to  shaped  acoustic  tone  bursts,  their 
location  with  respect  to  the  inner  sulcus  (ra¬ 
dial  aspect),  and  the  depth  of  the  recording 
site  while  one  mo\cs  from  the  scala  tympani 
to  the  scala  media  (vertical  aspect),  Tbe  raw 
data  were  stored  on  magnetic  tape  and  then 
digitized  for  off-line  analysis.  Cellular  har¬ 
monic  responses  to  pure  tones  were  deter* 
mined  using  the  fast  Fourier  transform  and  in 
some  cases  a  lock  in  amplifier. 

Intracellular  stability  of  the  recording  is  a 
particular  problem  in  studies  of  noisc-induccd 
hearing  loss,  presumably  because  of  the  larger 
excursions  of  the  organ  of  Corti  at  high  sound 
pressure  levels.  For  this  reason,  the  duration 
of  the  traumatizing  tone  (which  is  presented 
half  an  octave  below  the  estimated  character¬ 
istic  frequency— CF — of  the  cell)  was  re¬ 
stricted  to  periods  of  either  15  or  30  seconds 
at  a  level  not  exceeding  1 10  dB  SPL  (SPL  re 
20  ppa).  These  restrictions  meant  that  the  lev- 
els  of  hair  cell  dcsensitization  were  low  and 
that  the  recovery  periods  were  accelerated 
when  compared  to  cochlear  desensitizations 
induced  by  louder  and  longer  ovcrstimula- 
tions.  This  reduced  the  amount  of  data  that 
could  be  collected  in  any  single  run.  To  maxi¬ 
mize  the  information  recorded  from  the  hair 
cell,  multiple  presentations  of  the  stimuli  and 


averaging  of  the  cellular  responses  have  not 
been  attempted.  As  a  result,  the  data  tend  to 
be  noisier  and  more  variable.  In  addition,  hair 
cell  responses  to  any  single  stimulus  depend 
on  the  frequency  and  intensity  of  the  preced¬ 
ing  stimuli  Multiple  presentations  of  stimuli, 
particularly  at  high  levels,  can  result  in  a  mod¬ 
ified  response  of  the  cell  when  compared  to 
responses  to  single  stimuli  This  problem  was 
reduced  by  not  attempting  multiple  presenta¬ 
tions  of  the  stimulus,  and  by  adjusting  the  in¬ 
terval  between  the  presentations  of  the  test 
tone,  so  that  the  cellular  response  was  not  in¬ 
fluenced  by  the  preceding  tone. 


Results 

Hair  Cell  Responses  to 
Acoustic  Stimuli 

Typical  hair  cell  responses  to.  low-  and 
high-frequency'  tones  before  and  after  expo¬ 
sure  to  a  loud  tone  ( 110  dB  SPL,  12.5  kHz)  arc 
shown  in  Figure  2-1.  In  the  sensitive  cochlea, 
the  inner  hair  cell  (IHC)  response  to  a  low- 
frequency  tone  (600  Hz,  65  dB  SPL)  demon¬ 
strates  a  depolarizing  asy  mmetry  of  the  recep¬ 
tor  potential  (Fig.  2-lA).This  asymmetry  is  re¬ 
corded  at  all  levels  of  the  stimulus  and  facili¬ 
tates  the  identification  of  the  IHC  Receptor 
potentials  in  these  cells  can  approach  30  mV 
peak  to  pcak  for  sound  pressure  levels  of  70  to 
100  dB,  and  there  is  a  substantial  DC  compo¬ 
nent.  In  contrast,  the  OIIC  demonstrates  a 
predominantly  hyperpolanzing  receptor  po¬ 
tential  when  stimulated  at  the  same  intensity 
and  frequency  (Fig.  2-18).  However,  the  sym¬ 
metry’  of  the  receptor  potential  is  level-depen¬ 
dent,  changing  from  symmetrica!  at  low  stimu¬ 
lus  levels  to  hyperpoiarizing  and  then  revers¬ 
ing  to  grow  in  the  depolarizing  phase  for  stim¬ 
ulus  intensities  above  about  70  dB  SPL 
(Russell  et  al,  1986).  Maximal  pcak-to-pcak 
potentials  approach  only  8  to  10  mV,  and  the 
DC  component  of  the  receptor  potential  is 
small  m  comparison  with  that  recorded  for 
the  IHC,  even  at  the  highest  intensities.  When 
the  stimulus  is  delivered  at  higher  frequencies 
(18  kHz,  65  dB  SPL),  the  IHC  response  (Fig. 
2*1  C)  is  then  seen  only  as  a  DC  potential,  be¬ 
cause  the  phasic  component  of  the  potential 
has  been  filtered  by  the  low-pass  electrical 
properties  of  the  cell  membrane  and  the  re¬ 
cording  electrode  (Russell  and  Scllick,  1978). 
For  stimuli  at  18  kHz  and  similar  levels,  the 
OHC  show's  only  a  small  (I  mV)  depolarizing 
DC  receptor  potential,  with  maximum  amph- 
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Figure  2-1  Hair  cdl  responses  to  low  stimulus  (A,  IHC— 600  Hz,  68  OB,  D,  OHC— 600  Hz,  78  dB)  and  high  sum 
Clus  (G  IHC— 18  kHz,  68  dB,  D,  OHC— 18  kHz.  78  dB)  frequencies.  £  IHC  receptor  potential  to  a  600  Hz  (85  dB 
SPL)  tone  before  (solid  lines)  and  immediately  after  (dotted  Uric)  exposure  to  a  loud  tone,  F,  the  OHC  response  to 
the  same  acoustic  stimuli.  In  this  portion  of  the  figure,  the  arrows  at  cither  end  of  the  trace  indicate  the  pretrauma 
membrane  potential  of  the  cell,  The  traces  shown  in  G  and  II  arc  the  receptor  potentials  generated  by  the  same 
stimuli  used  for  the  IHC  and  OHC  In  Cand  D,  respectively,  immediately  following  the  loud  tone. 


tudes  reaching  only  3  to  4  mV  at  sound  pres* 
sures  of  110  to  M5  dB  (Fig.  2* ID). 

A  summary  of  the  OHC  and  IHC  re* 
sponscs  produced  in  different'  animals  to 
acoustic  overstimulation  is  shown  in  the 
lower  half  of  Figure  2*1.  Immediately  follow* 
ing  the  loud  tone,  bothjhe  IHC  (Fig.  2-lF) 
and  the  OHC  (Fig.  2* IF)  show  a  decrease  in 
the  amplitude  of  the  receptor  potentials  in  re* 
sponse  to  a  600  Hz  tone  (dotted  line).  The 
IHC  also  demonstrates  a  phase  lag  of  approxi* 
matcly  60  degrees  following  the  loud  tone, 
which  recovers  within  a  few  cycles.  The  OHC 
shows  an  elevation  of  the  membrane  potential 
that  is  not  seen  in  the  IHC,  but  there  is  no  ob¬ 
vious  change  in  the  phase  of  the  receptor  po¬ 
tential.  The  loss  in  amplitude  of  the  IHC  re* 
ceptor  potential  is  restricted  to  the  depolariz¬ 
ing  phase.  In  the  OHC  it  is  difficult  to  deter¬ 
mine  symmetry  because  of  the  repolarization 
of  the  membrane  potential  (Fig.  2- IF)  For 
higher-frequency  test  tones  (18  kHz,  65  dB 
SPL),  it  is  apparent  that  the  DC  component  of 
the  receptor  potential  was  abolished  for  both 
cell  groups  (Fig.  2-lG,H). 


The  response  of  the  OHC  and  the  IHC 
during  the  loud  tone  is  seen  more  clearly  in 
Figure  2-2.  The  most  striking  feature -of  this 
figure  is  the  difference  in  behavior  of  the  two 
cell  typ^  to  the  loud  tone.  OHCs  show  an  in¬ 
creasing  depolarization  during-thetone  that, 
in  this  example,  plateaus  after  about  20  sec¬ 
onds.  At  the  end  of  the  tone,  the  membrane 
potential  remains  elevated  but  recovers  within 
15  seconds  at  a  rate  of  0.166  mV  per  second. 
The  recover)-  is  not  linear  but  can  be  approxi¬ 
mated  by  a  single  exponential  function  with  a 
time  constant  of  about  4.5  seconds.  In  con¬ 
trast,  the  IHC  shows  classic  “adaptation"  for 
the  duration  of  the  loud  tone  and  hypcrpolar* 
izes  at  the  offset,  Rcpolarization  takes  place 
with  a  similar  time  constant  to  that  recorded 
for  the  rcpolarization  of  the  OHC  For  the  IHC 
the  adaptation  is  intensity-  and  frequency-de¬ 
pendent,  and  is  generally  seen  only  for  expo¬ 
sure  durations  exceeding  a  few  hundred  milli¬ 
seconds.  The  resistance  change  recorded  in 
the  IHC  during  the  loud  tone  mirrors  the  ad¬ 
aptation  of  the  receptor  potential,  suggesting 
that  this  phenomenon  is  not  an  intrinsic  prop- 
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Figure  2-2  Inner  hair  cell  (IHC)  and  outer  hair  cell 
(OHC)  responses  to  a  12  5  LHz  continuous  tone  deliv¬ 
ered  at  1 10  dB  SPL  for  30  seconds,  llic  horizontal  line 
in  the  middle  of  each  part  indicates  the  resting  mem¬ 
brane  potential  recorded  in  the  cell  btfor^  the  loud 
tone  was  presented.  The  bar  between  the  two  parts  in¬ 
dicates  the  Juration  of  the  loud  tone. 


OHC  Receptor  Potential ,{%  of  control) 

Figure  2*3  Receptor  potential  amplitude  plotted  as  a  percentage  of  pre-exposure  control  levels  for  an  IHC  and  an 
OHC  Each  point  (solid  triangles)  represents  the  receptor  potential  amplitude  determined  at  200  ms  intervals  fol 
lowing  Che  ioud  tone,  The  inset  figure  reflects  the  same  data,  but  the  IHC  receptor  potential  amplitude  is  plotted  as 
a  function  of  the  OHC  membrane  potential  (solid  circles;.  The  12  5  KHz  exposure  tone  was  presented  for  225  ms. 
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ertv  of  the  hair  cell,  bat  rather  a  result  of  de¬ 
creasing  mechanical  displacement  of  its  stereo- 
cilia. 

The  elevation  of- the  OHC  membrane  po¬ 
tential  would  appear  to  be  intimately  related 
to  cochlear  sensitivity,  as  shown  in  Figure  2*3. 
The  recovery  of  thcJ  IHC  DC  responses  to 
tones  at  their  CF  (see  Figure  2-3,  inset)  is 
closely  correlated  (r2  =  0.97)  with  the  recov¬ 
er)'  of  the, OHC  membrane  potential.  The  re¬ 
cover)-  of  the  low-frequency  peaktto-peak  am¬ 
plitude  of  the  receptor  potential  for  both  hair 
cells  is  also  closely  correlated  (r2  =  0.99).- Be¬ 
cause  the  IHC  and  the  OHC  responses  to  test 
tones  recover  at  a  similar  rate,  the  original  loss 
in  sensitivity  of  both  hair  cell  groups  may  arise 
from  a  common  mechanism  or  site. 

Hair  Cell  Tuning 

One  of  the  features  of  the  mammalian  co¬ 
chlea  is  the  high  degree  of  frequency  selectiv¬ 
ity  of  its  receptors.  This  is  shown  in  Figure  2-4 
in  the  isoamplitude  tuning  curves  for  the  AC 
and  DC  components  of.  the  hair  cell  receptor 
potential  for  the  IHC  and  the  OHC  Isoampli¬ 
tude  in  this  case  is  the  amplitude  of  the  recep¬ 
tor  potential  recorded  Ip.tracellularly  at  the 
threshold  of  detectability  for  the  compound 
action  potential  (CAP)  of  the  auditor)'  nerve. 
At  a  single  recording  location  along  the  co¬ 
chlea  partition,  both  the  ?HC  and  the  OHC 
show  similar  tuning  properties  with  a  high  de¬ 
gree  of  selectivity  for  stimulus  frequencies  at 
and  around  the  CF  of  the  cell.  It  is  obvious 
from  Figure  2-4  that  the  AC  component  is 
highly  tuned  and  little  different  between  the 
IHC  and  the  OHC.  However,  the  DC  compo¬ 
nent  recorded  from  the  two  cell  types  is  sig¬ 
nificantly  different,  particularly  in  terms  of  its 
level  dependence.  In  the  most  sensitive  ani¬ 
mals,  IIICs  will  produce  DC  receptor  poten¬ 
tials  to  CF  tones  at  sound  pressure  levels  as 
low  as  0  dB  SPL  In  the  OHC,  significant  depo¬ 
larising  DC  receptor  potentials  are  not  re¬ 
corded  until  stimulus  levels  reach  70  to  80  dB 
SPL  At  this  point,  the  AC  component  of  the 
receptor  potential  is  showing  signs  of  satura¬ 
tion.  In  view  of  this  disparity,  the  amplitude 
used  to  construct  the  DC  tuning  curve  for  the 
OHC  in  Figure  2-4  has  been  fixed  at  the  ampli¬ 
tude  used  for  the  IHC  (0.8  mV),  Around  the 
CF,  the  OHC  does  show  a  degree  of  tuning 
similar  to  that  of  the  IHC,  but  the  curv  e  is  ele¬ 
vated  by  about  55  dB  in  this  frequenq  range, 
whereas  little  difference  is  seen  for  the  ‘tail’ 
or  low-frequency  regions  of  the  tuning  curve. 


Following  the  loud  tone,  a  change  in  cell 
sensitivity  is  recorded  for  both  the  IHC  and 
the  OHC  in  the  AC  component  of  the-receptor 
potential,  and  for  the  IHC  iri'the  DC  compo- 
nent  of  the  receptor  potential.  This  is  seen  as  a 
loss  in  sensitivity  that  is  maximal  around  the 
CF  of  the  cell,  with -minimal  changes  Jn  the 
“tail*  sensitivity  or,  as  is  shown  In  Figure  2-4, 
small  increases  in  sensitivity.  However, -it  is 
apparent  from  this,  figure  that  there  Is  little 
change  in  the  OHCDC  component.  This  find¬ 
ing  is  complicated  by  the  fact  that  the  DC  tun¬ 
ing  of  the  OHC  demonstrates  a  level  depen¬ 
dence  riot  recorded  fn/.the  IHC  Figure  2-5 
shows  two  different  iso-SPL,  rather  than  isoam- 
•plitude,  tuning  curves  for  an  OHC  recorded  in 
the  basal  turn  of  the  guinea  pig  cochlea  before 
and  after  acoustic  overstimulation.  At  rela¬ 
tively  low  average  SPLs  (55  dB),  the  tuning  of 
the  DC  receptor  potential  is  complex,  show¬ 
ing  a  triphasic  character  below  and  around  the 
presumed  CF  of  the"  cell.  If  the  iso-SPL  is  raised 
to  85  dB,  then  the-DC  component  of  the  hair 
cell  demonstrates  simpler  tuning,  similar  to 
that  shown  in  Figure  2-4.  Following  acoustic 
overstimulation  (lower  panel),  the  low-level 
triphasic  response  is  lost,  whereas  the  struc¬ 
ture  for  the  higher  level  iso-SPL  curve  has 
been  maintained,  although  reduced  In  ampli¬ 
tude.  Tliis  complex  tuning  (if  it  can  be  called 
tuning)  has  been  recorded  in  all  OHCs  to 
date,  although  cells  vary  significantly.  In  some 
respects,  the  triphasic  nature  of  the  curve 
demonstrates  a  remarkable  similarity  to  the 
frequency-dependent  basilar  membrane  bias 
shown  by  Lc  Page  ( 1987), 

Hair  Cell  Responses 
to  Acoustic  Overstimulation 

If  a  low-frequency  tone  and  the  high-fre¬ 
quency  traumatizing  tone  are  delivered  simul¬ 
taneously,  the  hair  cells’  response  to  the  low- 
frequency  tone  is  seen  to  be  substantially  al¬ 
tered  by  the  trauma,  Tliis  is  shown  in  Figure 
2-6  for  an  IHC.  The  amplitude  of  the  receptor 
potential  is  substantially  reduced  and,  more 
importantly,  the  depolarizing  asymmetry  of 
the  receptor  potential  is  lost  and  even  re¬ 
versed  to  become  predominantly  hyperpolar- 
lzing  for  all  but  the  highest  stimulus  levels  In 
Figure  2-7,  the  AC  components  (fundamental 
component,  first  even  and  first  odd  harmonic 
components)  and  the  DC  component  of  the 
receptor  potential  for  the  hair  cell  shown  in 
Figure  2-6  are  plotted  as  a  function  of  inten¬ 
sity  for  a  stimulus  frequency  of  270  Hz  both 


Sound 


Figure  2-4  IsoaropUtude  tuning  curves  for  an  outer  hair  cell  (OHC)  (AC,  0  5  mV;  DC,  08  mV)  and  an  Inner  hair 
ceil  (IIIC)  (AC,  0  5  mV;  DC,  08  mV)  before  (solid  circles)  and  following  (open  circles)  exposure  of  the  cochlea  to 
a  12.5  kHz  tone  for  15  seconds  at  a  level  of  1 10  dB  SPC  A  frequency  selective  loss  of  sensitivity  centered  around 
the  characteristic  frequency  of  the  cell  is  apparent  for  all  but  the  OHC  DC  tuning  curves. 
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Figure  2*5  I  so- sound  pressure  level,  DC  tuning  curves  for  an  OHG  recorded  betorc  (upper  panel)  and  following 
(lower  panel)  the  presentation  of  a  1 2  5  kHz,  JO  second,  1 10-dB  5PL  tone  7hc  solid  squares  in  each  panel  indicate 
the  DC  tuning  at  a  low  average  SPL  (55  dB>,  the  open  squares  denote  the  DC  tuning  at  a  high  average  SPL  (85  dBX 
The  solid  arrows  to  the  right  of  each  panel  indicate  the  predicted  direction  of  movement  of  the  cochlear  partition 
(SV  «  scala  vestibuh;  ST  *=>  scala  tympanl)  that  would  be  required  to  produce  the  depolarizing  (+ve)  or  hyperpo* 
iartzing  (-vc)  DC  receptor  potentials. 
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Figure  2*6  IHC  receptor  potentials  generated  in  re* 
sponsc  to  a  270  Hz  tone  dclhcrcd  at  the  SPls  Indicated 
to  the  right  of  each  trace,  before  and  during  the  simul* 
tancous  presentation  of  a  30  second,  13.5  VHz,  1 10  dB 
SPL  loud  tone. 
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before  anil  during  the  loud  tone  (12.5  kHz, 
UO  dB  SPL).  At  the.  lowest  SPLs,  the  funda¬ 
mental  component  shows  a  significant  loss  of 
sensitivity,  but  at  higher  levels  (101  dB)  ap- 
proaches  the  pretrauma  peak  amplitudes.  On 
average,  the  harmonic  components  arc  also  re¬ 
duced  during  the  loud  tone,  but  level  depen¬ 
dence  for  them  is  not  as  clear-cut  as  It  is  for 
the  fundamental  component.  The  DC  compo¬ 
nent  of  the  receptor  potential  shows  an  In¬ 
crease  at  the  lowest  levels  when  compared 
with  pretrauma  amplitudes,  followed  by  a  de¬ 
crease  at  higher  levels,  finally  reversing  to 
grow  again  at  101  dB  SPL  This  trend  mirrors 
the  changing  symmetry  of  the  receptor  poten¬ 
tial  shown  in  the  raw  data  plotted  In  Figure 
2  6. 

For  the  OHC  (Fig  2-8),  the  greater  loss  in 
amplitude  is  obvious  when  compared  with  the 
IHC,  and  it  is  only  at  the  highest  level  that  the 
structure  of  the  receptor  potential  can  be  seen 


in  the  raw  data.  An  examination  of  the  behav- 
ior  of  the  AC  components  of  tile  receptor  po¬ 
tential  (Fig.  2-9)  reveals  similar  changes  dur¬ 
ing  the  loud  tone  to  those  seen  for  the  1IIC: 
the  harmonic  and  fundamental  components 
arc  substantially  reduced  at  most  amplitudes. 
In  this  particular  cell,  the  DC  component  ap¬ 
pears  to  be  relatively  unaffected  at  the  highest 
stimulus  levels,  but  reduced  between  70  and 
80  dB  SPL 

In  addition  to  the  modifications  of  the 
amplitudes  of  the  AC  components  of  the  re¬ 
ceptor  potential,  the  fundamental  and  the 
harmonic  components  of  the  receptor  po¬ 
tential  show  significant  phase  changes  during 
the  loud  tone  (Fig.  2-10).  For  both  the  IHC 
and  the  OHC,  the  phase  of  the  fundamental 
component  remains  relatively  stable  at  all 
stimulus  levels  in  the  pretrauma  peiiod.  Dur¬ 
ing  the  loud  lone,  the  phase  of  this  compo 
nent  changes  substantially  with  increasing 
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stimulus  level  of  the  low-frequency- tone,  al- 
though  at  the  highest  stimulus  levels  (101  dB 
SPL)  the  phase  returns  to  the  pretrauma  val¬ 
ues. 

The  loss  of  the  nonlinear  properties  of 
the  cochlea  can  also  be  shown  by  modifica¬ 
tions  of  the  symmetry  of  Lissajous  figures  for 
the  H1C  and  the  OHC  (Fig.  2-11).  These 
figures  represent  an  instantaneous  transfer 
function  of  the  cell  response  to  a  presumed 
sinusoidal  stimulus  to  their  stercodlia.  Both 
the  expansive  and  the  compressive  nonlinear 
responses  of  the  IHC  (Fig.  2«UA)  and  the 
OHC  (Fig.  2-1  IB),  respectively,  are  clearly 
seen  for  the  Lissajous  figures  constructed 
for  the  low-frequency  stimulus  alone  (IHC — 
600  Hz.  65  dB  SPL;  OHC— 600  Hz.  85  dB 
SPL).  In  the  presence  of  the  high  frequency 
tone  (13  kHz,  110  dB  SPL,  15  seconds),  the 
Lissajous  figures  become  much  more  linear,  as 
indicated  by  their  increased  symmetry.  Fol¬ 
lowing  the  loud  tone,  the  nonlinear  properties 
of  the  OHC  (Fig.  2-llD)  and  the  nonlinear 
properties  of  the  IHC  (Fig.  2-1 1C)  show  a 
rapid  recovery,  although  the  IHC  amplitude 
has  not  fully  recovered.  (The  individual  traces 
in  Fig.  2-1 1C  and  D  represent  the  instanta¬ 


Figure  2-8  Outer  hair  cell  (OHC)  receptor  potentials 
generated  in  response  to  a  270  Hz  tone  delivered  at 
the  SPLs  indicated  to  the  right  of  each  ttacc,  before  and 
during  the  simultaneous  presentation  of  a  30  second, 
13.5  kHz,  \  10-dB  SPL  loud  tone. 


neous  transfer  functions  of  the  cell  taken  5 
seconds  and  1 5  seconds  after  the  loud  tone.) 

One  final  method  of  examining  the  non¬ 
linear  cochlear  responses  to  loud  tones  Is  to 
calculate  the  so-called  f|Sf2  and  AC: DC  ratios. 
These  ratios  represent  the  relative  amounts  of 
distortion  that  are  present  in  the  receptor  po¬ 
tential  with  respect  to  the  fundamental  AC 
component,  and  can  provide  some  insight  into 
the  nonlinear  properties  of  mechanotransduc- 
tion  in  the  cochlea.  It  is  apparent  from  the  in¬ 
tracellular  data  for  an  IHC,  shown  In  Figure 
2-12,  that  when  the  f,:f2  and  the  AC:DC  ra¬ 
tios  calculated  from  the  II IC  receptor  poten¬ 
tial  generated  to  a  CF  tone  (18  kHz,  55  dB 
SPL)  are  compared  In  the  pre-  and  post-trauma 
intervals,  the  relative  amount  of  distortion  in 
the  receptor  potential  has  decreased.  This  is 
seen  as  increases  in  the  respective  ratios  as  a 
result  of  the  distortion  components  (f2  and 
DC)  being  reduced  by  a  greater  amount  than 
the  fundamental  AC  component.  That  is,  the 
hair  cell  response  to  the  tone  has  become 
more  linear.  In  this  particular  example,  in 
which  the  high-intensity  tone  was  only  deliv¬ 
ered  for  200  ms,  the  ratios  recovered  within 
approximately  300  ms. 
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Figure  2-9  Input  output  functions  for  fundamental  (F— 270  HzX  first  even  (2FX  and  first  odd  (3F)  harmonic  com¬ 
ponents  and  the  DC  component  of  the  receptor  potential  for  the  OIIC  shown  in  Figure  2  8,  The  solid  and  open 
symbols  arc  the  respective  responses  before  and  during  the  simultaneous  presentation  of  the  loud  tone. 
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Figure  2*10  Phase  changes  recorded  in  the  fundamental  component  of  the  receptor  potential  tor  the  inner  hair 
cell  (1IIC)  and  the  outer  hair  cell  (OHC)  shown  in  Figures  2  6  and  2  8  before  (filled  symbols)  and  during  (open 
Symbols)  the  presentation  of  the  loud  tone. 
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Figure  2-11  lassajous  figures  constructed  by  plotting  the  instantaneous  amplitude  of  the  inner  hair  tell  (IHC)  (a 
and  c)  and  outer  hair  cell  (OHC)  (b  and  d)  receptor  potentials  as  a  function  of  Sin  8  (i  c.,  a  sinusoidal  displacement 
of  the  stercociha  of  the  cell)  before  (a  and  b—  solid  arrows)  and  during  (a  and  b — open  arrows)  exposure  of  the 
cochlea  to  a  1*1.5  Ulz  tone  for  15  seconds  at  UO  db  SPL  the  Ussajous  figures  were  also  plotted  for  the  receptor 
potential  recorded  5  (c  and  d— open  ^angles)  and  15  (c  and  d — solid  arrows)  seconds  after  the  loud  tone.  Low 
frequency  tone,  265  Hz.  70  dB  SPL 
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Figure  2-12  AC:  DC  and  f,:f2  ratio*  for  an  IHC  following  xa  exposure  to  a  12-^kKz.  IKVdBSPl.ionc.C  =  oorrad- 
ized  pre-exposure  ratio;  E  “  ratio  at  the  end  of  the  exposure. 


Discussion 

The  data  presented  in  the  results  suggest 
that  exposure  of  the  cochlea  to  loud  sound  re¬ 
sults  in  a  linearization  of  the  hair  cell  response 
to  acoustic  stimuli^  Because  there  are  social 
possible  sources  of  nonlinear  behavior  in  the 
cochlea,  it  is  difficult  to  pinpoint  the  origin  of 
these  losses.  By  eliminating  some  sites  or 
mechanisms  it  may  be  possible  to  narrow  the 
field.  Figure  2-13 A  shows  the  possible  sites  for 
losses  in  sensitivity  in  the  cochlea. 

It  is  important  to  note  that  Figure  2-13  re¬ 
lates  to  low-loci  threshold  losses  after  short, 
loud  tones,  and  docs  not  include  possible 
mechanisms  following  large,  permanent  losses 
of  sensitivity,  which  arc  usually  accompanied 
by  obvious  morphologic  changes  of  the  hair 
cell.  In  this  respect;  direct  disruption  of  cither 
the  paracrystallinc  array  of  actin  filaments  con¬ 
tained  within  the  individual  stercocilia  or  the 
stcrcocilial  rootlets  (Liberman  ct  al,  1986)  arc 
not  expected  (Fig.  2-13A).  In  addition,  stcrco- 
cilial  fusion,  loss  of  tip  links,  or  disruptions  of 
the  lateral  crosslinks  between  stercocilia  arc 
usually  seen  only  after  prolonged  exposures  at 
higher  stimulus  levels  (Pickles  ct  al,  1987). 

Another  important  structure  that  may 
play  a  role  in  cochlear  desensitization  is  the 
tectorial  membrane  (TM)  (Fig.  2-13A).  The 
membrane  is  a  complex  structure  composed 
of  at  least  three  types  of  collagen  (Ii,  V,  and 
IX)  and  at  least  three  noncollagenous  glycoso- 
Jated  polypeptides,  which  form  striated  sheets 
within  the  matrix  of  the  membrane  (Ilasko 


and  Richardson.  1988).  The  high  degree  of  or¬ 
ganization  of  this  matrix  is  sensitive  to  low 
Ca"**  levels  and  is  disrupted  when  the  Cl** 
chelating  agents  EGTA  and  EDTA  are  added  to 
the  medium;  this  has  the  functional  correlate 
of  significant  reductions  in  the  cochlea  micro- 
phonic  (Tanaka  ct  al,  1980).  The  TM  is  also 
susceptible  to  the  addition  of  Na*,  which  in¬ 
duces  irreversible  shrinkage  (Kroncstcr-Frci, 
1978).  little  is  known  about  the  micromc- 
chanical  properties  of  the  TM,  but  some  pre¬ 
liminary  data  suggest  that  the  membrane  is  ap¬ 
proximately  four  times  stiffer  in  the  longitudi¬ 
nal  direction  than  in  the  radial  direction 
(Zwislocki  cl  al,  1988).  This  would  correlate 
with  the  apparent  morphologic  asymmetry  in 
the  matrix  of  the  membrane  (Hasko  and  Rich¬ 
ardson,  1988).  On  the  basis  of  a  recent  finding 
that  the  radial  stiffness  of  the  TM  is  substan¬ 
tially  less  than  that  of  the  OHC  stercocilia, 
Zwislocki  and  Cefaratti  (1989)  have  proposed 
that  the  mass  of  the  TM  and  the  stiffness  of  the 
stercocilia  behave  as  a  resonant  element  with 
a  significant  role  in  cochlear  frequency  selec¬ 
tivity.  Any  change  to  the  mechanical  proper¬ 
ties  of  the  TM  that  increases  its  damping,  or 
any  change  in  the  stiffness  of  the  OHC  stereo- 
cilia,  will,  according  to  Zwislocki  and  Ce¬ 
faratti,  result  in  a  loss  of  sensitivity*  and  tuning. 

Frictional  forces  In  the  fluid  filled  scalac  of 
the  cochlea  act  to  reduce  the  displacement  of 
the  partition  during  acoustic  stimulation.  This 
problem  increases  with  increasing  stimulus 
frequencies.  With  the  discovery  that  OHCs  in 
vitro  demonstrate  cell  motility  under  certain 
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conditions  (Brownell  cl  al,  1985),  and  that 
mechanical  energy  can  be  recorded  in  the  ear 
canal  (Kemp,  1979),  it  h2s  been  proposed  that 
OHCs  generate  mechanical  forces  in  response 
to  sound-induced  current  flows  through  their 
apical  conductances.  The  resultant  potential 
changes  in  the  cell  evoke  small  (2  to  15  nm 
per  millivolt,  according  to  Santos-Sacchi, 
1 989)  v  but  rapid  changes  in  cell  length  (at 
least  to  5. kHz,  according  to  Ashmore,  1987). 
It  is  proposed  that  this  “fast"  component  of 
cell  motility  acts  to  oppose  viscous  damping 
in  the  cochlea  and  enhances  the  displacement 
of  the  cochlear  partition.  The  “slow”  or  tonic 
components  of  cell  motility,  which  are  seen 
after  increasing  extracellular  levels  of  K*  or 
acetylcholine  (the  presumptive  efferent  trans¬ 
mitter)  or  after  the  initiation  of  cellular  con¬ 
tractile  protein  activity,,  arc  not  thought  to 
contribute  to  force  generation  of  OHCs  on  a 
cycleby-cyclc  basis,  but  may  well  play  a  role 


ir.  setting  the  position  or  DC  bias  of  the  basilar 
membrane  (Zenner  ct  al,  1985). 

In  vitro  experiments  on  the  cell  motility 
of  isolated  OHCs  suggest  that  any  active  force- 
generating  mechanisms  postulated  as  essential 
for  cochlear  sensitivity  and  tuning  arc  ex¬ 
tremely  robust.  Cell  length  changes  in  re¬ 
sponse  to  injected  current  arc  still  recorded  in 
the  presence  of  inhibitors  of  ATP,  in  the  ab¬ 
sence  of  calcium,  and  in  the  presence  of 
agents  acting  against  intracellular  contractile 
proteins  and  cytoplasmic  microtubules  (Hol¬ 
ley  and  Ashmore,  1988).  This  suggests  that  the 
cell  force-generating  mechanism  docs  not  ap¬ 
pear  to  depend  directly  on  ATP  or  other 
known  cellular  mechanisms  that  could  give 
rise  to  cell  motility.  This  evidence  suggests 
that  force-generation  in  OHCs  may  not  be  im¬ 
paired  following  acoustic  overstimulation  and 
may  not  contribute  to  temporary  hearing 
losses.  However,  the  most  recent  work  of 
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Evans  (1990)  suggests  that  morphologic 
changes  in  the  subsurface  cistcmac  of  the 
OHC  after  innsrocmbranous  dectrical  stimu¬ 
lation  could  pby  a  role  in  modifying  the  force- 
generating  mechanism L 

The  most  likely  site  for  a  noise-induced 
hearing  loss  is  the  transducer  conductance  of 
the  OHC  As  discussed  in  the  introduction, 
this  group  of  mechano transducers  appears  to 
be  essential  for  the  frequency  selectivity  and 
sensitivity  of  the  cochlea,  and  probably  forms 
part  of  a  feedback  loop  that  acts  to  enhance 
the  displacement  of  the  basilar  membrane.  Fig¬ 
ure  2-1 3B  is  a  representative  model  of  this 
feedback  mechanism  as  proposed  by  Mountain 
(1986).  In  this  model,  pressure-induced  dis¬ 
placement  of  the  basilar  membrane  stimulates 
the  OHC  (mechanoclcctrical  transduction), 
which  produces  voltage-dependent  mo\c- 
ments  of  the  cell  (electromechanical  transduc¬ 
tion).  At  high  frequencies,  resultant  force-gen¬ 
eration  acts  in  an  amplitude-  and  phase-depen¬ 
dent  manner  to  enhance  the  displacement  of 
the  basilar  membrane.  A  number  of  points  in 
the  loop  are  crucial  for  its  operation.  The  first 
is  the  force-generating  mechanism  of  the  OHC 
that,  from  the  previously  discussed  C  *  'cnee, 
would  appear  to  be  extremely  robust  and 
therefore  probably  docs  not  contribute  to 
low-level  hearing  losses  in  the  cochlea.  The 
second  is  the  coupling  of  this  force  to  the  dis¬ 
placement  of  the  basilar  membrane.  If  there  is 
a  reduction  of  the  coupling  between  the  OHC 
stcreociha  and  the  tectorial  membrane,  then 
both  the  mechanoclcctrical  and  the  electro¬ 
mechanical  elements  of  the  OHC  will  be  mod¬ 
ified,  Howc\cr,  it  is  difficult  to  distinguish  be¬ 
tween  the  two  elements,  because  they  arc  in¬ 
terdependent,  The  third  possibility  is  the 
transducer  conductance.  Any  alteration  in  the 
functional  properties  of  this  element  in  the 
feedback  loop  will  reduce  the  electrical  drive 
to  the  OHC  force-generating  mechanism.  In  a 
previous  study  (Cody  and  Russell,  1985),  cur¬ 
rent  injection  in  OHCs  following  the  loud 
tone  did  not  reveal  any  obvious  change  in  the 
access  resistance  of  the  cell,  which  suggests 
tfiat  there  is  little  alteration  in  the  number  of 
functional  apical  conductances.  Additionally, 
the  data  presented  in  this  paper  show  that  the 
maximum  hair  cell  receptor  potentials  dif¬ 
fered  little  whether  recorded  during  or  fol¬ 
lowing  the  acoustic  overstimulation  (Figs.  2-7 
and  2-9),  whereas  at  the  lower  stimulus  levels 
there  were  substantial  reductions  in  the  ampli¬ 
tudes  of  the  AC  and  DC  components  of  the  re¬ 
ceptor  potentials.  This  suggests  that  the  mcch- 
anoclcctrical  portion  of  the  feedback  loop 


(the  transducer)  is  intact  and  functional,  at 
least  for  these  exposure  conditions-  In  con¬ 
trast,  tlx:  extensive  data  of  Patuzzi  ct  al 
(!989ajb)  suggest  that  a  percentage  of  the 
OHC  transducer  conductances  have  closed 
following  exposure  of  the  cochlea  to  a  loud 
tone-  Hence,  the  drive  to  the  force-generating 
mechanism  of  the  OHC  will  be  reduced,  and 
the  displacement  of  the  cochlear  partition 
substantially  altered.  However,  in  that  series  of 
experiments  the  traumatizing  tone  was  signifi¬ 
cantly  louder  (115  dB  SPL)  and  longer  (30  to 
150  seconds).  Thus,  their  findings  may  repre¬ 
sent  an  extension  of  the  low-level  threshold 
shifts  described  in  this  paper.  It  is  interesting 
to  note  that  pure  tone  exposure  levels  of  115 
dB  SPL  and  above  in  the  basal  tum  of  the 
guinea  pig  cochlea,  for  periods  of  1  hour,  pro¬ 
duce  a  loss  of  cochlear  sensitivity  and  obvious 
damage  to  the  stercocilia  of  the  hair  cell, 
particularly  the  first  row'  of  the  OHC  (Cody 
et  al,  1980).  Pure  tones  presented  for  the 
same  period,  but  at  levels  similar  to  those 
of  the  present  study,  produce  much  less 
obvious  damage  of  the  hair  cell,  and  the 
threshold  losses  are  much  more  variable.  If 
the  level  of  the  tone  is  more  critical  than 
its  duration  for  cochlear  desensitization,  then 
the  mechanism  proposed  by  Patuzzi  and  co¬ 
workers  may  operate  above  1 10  dB  SPL:  full 
stop.  However,  the  mechanism  is  not  yet 
clear. 


Proprietes  Non  Lineaires 
des  Cellules  Ciliees 
Internes  et  Externes  des 
Mammiferes  Pendant  et 
apres  une  Exposition  a  un 
Son  Fort 


Chez  les  mammiferes,  Ics  reponscs  non- 
hniaires  dc  la  cochlce  cn  reponse  &  une  stim¬ 
ulation  acoustiquc,  jouent  un  role  central  dans 
sa  sclcctivite  cn  frequence  ct  sa  sensibilue.  Les 
nonhn£aritcs  sont  particulicremcni'  impor- 
tantes  dans  la  detection  des  stimulations  de 
haute  frequence.  Ccci  cst  la  consequence  di- 
rccte  des  proprietes  de  filtrc  elcctriquc  passc- 
bas  des  membranes  des  cellules  cilices  qul 
agissent  pour  attenuer  les  composantes  pha- 
slques  ou  alternatives  dcs  potentiels  dc  rccep- 
tcur  ou  des  stimulations  dc  haute  frequence 
Cependant,  i’asymelric  de  la  depolarisation  in- 
h£rente  &  ia  conductance  de  transduction  dc 
la  cellule  cilice  interne  cn  r£pon$c  k  des  stim- 


26 


COCHLEAR  .MECHANISMS 


ulatlons  acoustiqucs  symctriques  sigmfic 
qu'unc  composantc  continue  est  gcncrcc  qui 
n’est  pas  influencce  par  les  proprictcs  dc  filtre 
passc-bas  de  la  membrane  cellulaire  La  cellule 
ctliee  peut  done  produire  des  potentiels  exci- 
tatcurs  cn  repo nse  a  des  stimulations  dc  haute 
frequence  SI  par  contre  la  repo  nse  des  cel¬ 
lules  cilices  devient  plus  lincaire,  le  courant 
continu  dc  depolarisation  sera  reduiL  CccI  ira- 
phque  une  reduction  de  la  probabihtc  dc  se¬ 
cretion  du  neurotrahsmetteur  ct,  par  conse¬ 
quent,  un  abaissement  du  taux  de  d£chargc 
des  potentiels  d’action  des  fibres  afferentes  fai- 
sant  synapse  avee  ccttc  cellule  Ccci  corre¬ 
spond  a  unepcrte.de  sensibihte  ou,  au  niveau 
psychophysique,  3  une  perte  auditive  On  peut 
alnsi  supposcr  qu’unc  perte  auditive  provo- 
quee  par  un  bruit  peut  £trc  le  rcsultat  d’une 
augmentation  de  la  lincarite  dc  la  reponse  de 
la  cochlce  &  une  stimulation  acoustique 

Des  mesurcs  du  mouvement  de  la  mem¬ 
brane  basilairc  montrent  que  la  scnsibihtd  et 
Ic  comportement  non-lineaire  sont  substan- 
ticllcment  reduits  apres  I’cxposition  dc  la  co* 
chlec  &  un  son  fort.  Ccci  est  probablemcnt  lc 
resultat  d’unc  modification  des  stimulations 
mecaniqucs  appliquees  aux  cellules  ciliecs  in¬ 
ternes  avec  lesquelles  la  majoritc  dcs  fibres 
nervcuscs  auditives  font  synapse  La  vulnerabi- 
Iitc  de  la  mecanique  dc  la  membrane  basilaire 
au  traumatisme,  ainsi  que  les  preuves  dc  plus 
en  plus  nombrcuscs  que  les  cellules  cilices  ex- 
temes  pourraient,  grace  i  leur  contractibilite, 
augmenter  les  proprietes  d’accord  ct  dc  sensi- 
biht6  de  la  micromecanique  de  la  membrane 
basilairc,  ddsignent  ecs  cellules  cilides  ex* 
temes  commc  les  candidats  les  plus  s&rieux 
pour  ctrc  £  1’originc  des  propriety  non  lin- 
caires  de  la  cochltfe  Par  consequent,  ces  cel¬ 
lules  seraient  £  1’origine  dcs  pertes  auditives 
induites  par  lc  bruit.  Des  donnccs  obtenues 
par  I’enrcgistrcmcnt  intraccllulairc  des  cel¬ 
lules  cilices  internes  et  cxterncs  du  tour  basal 
dc  la  cochlec  du  cobayc  tendent  i  rcnforccr 
ccttc  hypothec  car  les  r£ponse$  dc  ces  deux 
groupcs  de  cellules  cilices  £  une  stimulation 
acoustique  dcvier.ncnt  dc  plus  en  plus  Hn- 
caires  pendant  et  aprfcs  une  exposition  dc  la 
cochlSe  £  des  sons  forts. 
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CHAPTER  3 


Putative  Biochemical  Processes 
in  Noise-Induced  Hearing  Loss 

ROBERT  J.  WENTHOLD 
MARK  E.  SCHNEIDER 
HUNG  N.  KIM 
CLAUDE  j;  DECHESNE 


The  elucidation  of  the  molecular  media* 
misms  underlying  damage  to  the  auditory  sys¬ 
tem  due  to  overstimulation  presents  a  formi¬ 
dable  challenge.  In  the  biochemical  analysis  of 
the  cochlea,  wc  arc  faced  with  a  very  small, 
delicate,  and  complex  system  that  includes 
numerous  cell  types  that  may  all  respond  dif¬ 
ferently  to  this  damage.  Knowledge  of  the  mo¬ 
lecular  events  that  occur  In  the  cochlea  be¬ 
cause  of  noise  damage  is  basic  to  understand¬ 
ing  the  pathogenesis  of  noise-induced  hearing 
loss  (NIHL),  because  molecular  changes  un¬ 
doubtedly  precede  observable  structural 
.changes.  It  is  reasonable  to  assume  that  the  re¬ 
versible  stages  in  NIHL  will  be  primarily  de¬ 
tectable  as  molecular  changes  rather  than 
structural  changes.  The  development  of  any 
type  of  drug  therapy  to  prevent  or  minimize 
trauma  due  to  overstimulation  will  also  rely 
on  a  knowledge  of  the  molecular  processes. 
Over  the  years  several  laboratories  have  mea¬ 
sured  a  variety  of  common  biochemical  pa¬ 
rameters  after  noise-induced  damage  (re¬ 
viewed  briefly  below)  in  attempts  to  better 
understand  the  molecular  events  that  take 
place  in  dye  cochlea.  A  continued  effort  in 
these  types  of  studies  using  controlled  stimu¬ 
lus  conditions  should  give  insights  into  the 
biochemistry  of  noise  damage. 

Our  research  has  focussed  on  changes  in 
specific  proteins  and  their  mRNAs  that  accom¬ 
pany  or  precede  structural  damage  to  the  in¬ 
ner  ear  from  noise,  ototoxic  drugs,  and  ge¬ 
netic  lesions.  We  have  divided  the  molecular 
events  associated  with  NIHL  into  four  stages 
that  can  be  correlated  with  the  morphological 
and  physiological  changes  known  to  occur  fol¬ 
lowing  NIHL  (Table  3-1 ).  Much  of  the  existing 
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information  on  molecular  aspects  of  NIHL,  as 
reviewed  below,  can  be  placed  into  these  four 
stages.  This  scenario  proposes  that  there  will 
be  changes  in  proteins  in  the  organ  of  Cortl 
at  Stage  II,  when  detectable  morphologic 
changes  are  minimal.  Proteins  that  undergo 
changes  in  expression  at  this  stage  may  serve 
as  sensitive  molecular  markers  of  cellular  dam¬ 
age.  Such  proteins  may  also  play  roles  In  pro¬ 
tecting  the  cell  from  further  damage,  as  has 
been  suggested  for  the  function  of  stress-in¬ 
duced  proteins.  Later  stages  involve  extensive 
cell  damage  dial  can  extend  beyond1  the  organ 
of  Cortl,  and  include,  for  example,  spiral  gan¬ 
glion  cells.  Analysis  of  cochlear  tissue  at  these 
stages  may  Identify  proteins  Involved  In  such 
functions  as  cellular  repair,  trophic  mainte- 
ncnce  of  auditory*  neurons,  and  regeneration. 
Two  approaches  arc  available  for  studying  co¬ 
chlear  proteins.  The  first  is  the  analysis  of  pro¬ 
teins  that  have  been  characterized  previously 
in  other  tissues  and  have  a  well-known  func¬ 
tion,  Tlte  list  of  such  proteins  is  extensive  and 
ranges  from  growth  factors,  to  structural  pro¬ 
teins,  to  proteins  that  may  be  markers  of  cellu¬ 
lar  damage  in  other  systems.  These  proteins 
have  been  purified,  antibodies  have  been 
made  to  them,  and  probes  for  in  situ  localiza¬ 
tion  of  their  mRNAs  are  available.  Two  pro¬ 
teins  that  we  have  studied  in  this  category  are 
the  70  kD  heat  shock  protein  (discussed  later) 
and  the  neurofilament  subunits  (Dau  and 
Wenthold,  1989).  The  second  approach  is  to 
use  a  screening  technique,  such  as  two-dimen¬ 
sional  gel  electrophoresis,  to  identify  cochlear 
proteins  that  appear  particularly  important  be¬ 
cause  of,  for  example,  their  abundance,  local¬ 
ization,  or  response  to  a  perturbation  of  the 
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TABLE  3-1  Hypothetical  Sequence  of  Molecular  Changes  in  the  Organ  of> 
'  Corti  Associated  with  Noise-Induced  Hearing  Loss 


STAGE 

MORPHOLOGY 

'PHYSIOLOGY 

MOLECULAR 

CHANGES 

1 

Normal 

Normal 

Changes  in  metabolite  and 
ion  flux;  enzyme  Induction. 

11 

Normal  to  slight  edema  of 
hair  cells  and  afferent 
terminals 

TTS 

Small  molecule  depletion, 
eg,  metabolites, 
neurotransmitters;  large 
molecule  changes,  c  g , 
protein  denaturation,  actin 
depolymerization;  stress 
and  repair  mechanisms 
activated:  e  g ,  heat  shock 
protein  synthesis 

lit 

Permanent  damage  to 
stereoctlia  and  reticular 
lamina 

PTS 

Extensive  protein  and  lipid 
changes;  stress  response 
and  repair  mechanisms 
continue:  transneuronal 
changes 

IV 

Ceil  death 

PTS 

Proteolytic  enzyme  synthesis, 
regeneration} 

Transneuronal  changes 

Morphological  criteria  are  based  on  the  limited  resolution  of  light  and  electron  microscopic  observations;  Stage  I  refers  to 
the  onset  of  overstimulation,  in  which  the  steady  state  is  perturbed 


system.  Using  this  approach  we  have  identified 
two  spiral  ganglion  ccll  nroteins  whose  levels 
of  synthesis  appear  dq  /dent  on  the  pres¬ 
ence  of  hair  cells. 


Review  of  Biochemical 
Studies  Related  to 
Noise-Induced  Hearing 
Loss 


A  number,  of  biochemical  analyses,  gener¬ 
ally  involving  common  metabolites,  enzymes, 
or  ions,  have  been  carried  out  on  the  inner  ear 
after  noise  exposure  (Tables  3*2  and  3-3), 
Tliese  studies  have  addressed  the  general  hy¬ 
pothesis  that  NIHL  Involves  disruption  of  clas¬ 
sic  energy  metabolism  or  ion  homeostasis  and 
that  the  resulting  imbalance  can  be  detected 
with  suitable  techniques.  Three  analytical 
methods  have  been  used  to  compare  noise-cx- 
posed  and  normal  animals;  ( 1 )  direct  measure¬ 
ments  of  tissue  metabolites  or  enzyme  total 
capacities  in  noise-exposed  animals;  (2)  perfu¬ 
sion  of  the  perilymphatic  space  during  or  after 
noise  exposure  and  subsequent  analysis  of  the 
perfusate  for  metabolites,  other  soluble  small 
molecules,  and  enzymes;  and  (3)  direct  mea¬ 
surements  of  ion  activities  during  noise  expo¬ 
sure  using  ion-selective  microelectrodes.  As  a 
group,  these  studies  suffer  from  a  lack  of  con¬ 


sistency  with  respect  to  stimulus  exposures, 
experimental  animals,  sampling  conditions, 
and  methods  of  chemical  analysis.  Conse¬ 
quently,  it  is  difficult  to  draw  any  general  con¬ 
clusions  from  them.  Some  of  the  changes  re¬ 
ported  would  dearly  be  expected  in  any  cells 
that  have  been  damaged  from  mechanical, 
thermal,  or  chemical  Insult.  For  example,  the 
release  of  soluble  enzymes  from  the  cell  cyto¬ 
plasm,  such  as  lactate  dehydrogenase  (LDH), 
is  a  common  result  of  cell  damage,  and  Injury 
to  any  structure  in  the  cochlea  would  cause 
an  elevation  of  the  amount  of  such  enzymes  in 
the  perilymph  (Schacht,  1982).  Although  such 
studies  may  give  clues  as  to  changes  in  metab¬ 
olism  and  increases  in  enzyme  activity,  these 
analyses  tell  little  about  the  biochemical 
mechanisms  of  noise  damage. 

Because  molecular  changes  must  precede 
visible  structural  changes,  an  important  con¬ 
sideration  for  designing  stimulus  parameters 
for  this  type  of  experiment  is  to  define  condi¬ 
tions  that  cause  a  minimum  of  structural 
changes  accompanying  a  measurable  hearing 
loss.  Such  conditions  are  notoriously  difficult 
to  ascertain,  even  for  an  individual  animal, 
There  are  enormous  unexplained  variances  in 
numerous  measurements  of  cochlear  function 
and  biochemistry  in  a  population  of  animals 
(Robertson  et  ai,  1980),  so  that  biochemical 
analysis  is  further  complicated  by  interanimal 
variability  and  species  differences. 
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TABLE  3-2  Analysis  of  Enzymes  In  Cochlear  Tissues  After  Noise  Exposure 

ENZYME,  SPECIES  CONDITIONS  RESULTS  "  AUTHORS 

IDH,  esterases.  ATPase,aod  500-3000  Hr.  95-131  dB,  No  changes  seen  -Suck  and  Webster.  1971 

and  alkaline  phosphatases.  05-2  hours 

phauses.  cytochrome  histochemistry 

oxidase,  succinic 
dehydrogenase,  kangaroo 
rat  v 

SDH,  guinea  pig  White  noise,  1 10  dB,  63  Reduction  in  IHC  and  OHC  Quade  and  Gcyer,  1973 

hours  histochemistry 

IDH,  guinea  pig  White  noise,'  1 1 5  dB.  10  min.  I  -hour  exposure  causes  Ishtda.'  1973 

to  72  hours  histochemistry  increase,  longer  exposure 
and  biochemistry  shows  return  to  normal  • 

Succinate  dehydrogenase.  Impulse  noise,  8  cays,  9  Decrease  in  fair  cell  SDH  Guttmacheret  al  1973' 

guinea  pig  hours/day,  histochemistry  Effect  greater  xi  OHC  than 

IHC 

Lysosomal  enzymes,  guinea  120  dB.  I  hoor/day  for  10  Mostly  no  change—  Schaetxle.  1976 

pig  days  phosphatase  increased 

IDH,  gfuco$e-6-pho$phate  95  dB.  500  Hr,  48  hours  No  changes  in  OHC  Thalman.  1976 

dehydrogenase,  guinea  pig  biochemistry 

IDH,  rabbit  100  dB,  2  kHz.  2  hours  OHC— Increase  In  basal  Omau  et  al,  1979 

histochemistry  turn,  decrease  In  lower 

half  of  turn  2.  normal  in 
upper  haif 


TABLE  3-3  Analysis  of  Enzymes,  Ions,  and  Small  Molecules  In  Cochlear 


Fluids  After  Noise  Exposure 


SUBSTANCE,  SPECIES 

CONDITIONS 

RESULTS 

AUTHORS 

Na.  K,  guinea  pig 

100  dB.  2  minutes.  2000  Hz 

Endolymph  Na  increase.  K 
decrease 

Nakashima  et  aJ.  1970a 

Na.  K,  guinea  pig 

100-140  dB.  white  noise 

Endolymph  Na  Increase,  K 
decrease  In  15  seconds 

Nakashima  et  al  1970b 

lactate,  guinea  pig 

90- 105  dB.  white  noise.  1 
hour 

Lacute  Increase  in  penfymph 

Sthnjcdcr,  1974 

Na.  glucose,  aldolase,  IDH, 
aMolase,  phosphohexose 
Jsomerase,  protein,  guinea 
P't 

100  dB.  8  kHz.  1  hour 

No  changes 

Gershbein  et  al  1974 

LDH.  MDK  chinchilla 

123  dB.  700-2800  Hz.  30 

minutes 

Rapid  increase  to  24  hours, 
then  decrease 

juhn  and  Ward,  1979 

Na.  K.  Cl  guinea  pig 

95-125  dB,  7  days,  16 
hours/day 

Increase  In  K  and  Cl 
decrease  in  Na  In 
endolymph 

With  4  2  kHz  and  WBN 
endolymph  K  increased, 

Na  decreased,  at  380  Hz, 

K  decreased 

Konishl  et  al  1979 

Na.  K.  Cl  guinea  pig 

95-105  dB.  20  minutes 

Salt  and  Konishl  1979 

K,  guinea  pig 

142  dB.  1  kHz,  1  hour 

Decrease  in  endolymph  K; 
return  to  normal  in  5  days 

iMehchar  et  al,  1980 

Glucose,  lactate,  pyruvate, 
guinea  pig 

100  dB,  white  noise,  10 
minutes 

No  change 

Lotz  et  aJ.  1981 

LDH 

140  dB,  wide  band  noise.  10 
minutes 

No  change 

Haupt  et  al  1983 

The  onset  of  NIHL,  as  it  is  related  to  tern-  pling  times  have  been  chosen -that  fall  within 

porary  threshold  shift  (ITS)  and  permanent  this  transitional  stage  at  which,' the  processes 

threshold  shift  (PTS)  conditions,  is  a  dynamic  of  repair  and  injur)’  are  not  steady-state.  Al- 

process.  Frequently,  in  studies  aimed  at  assess-  though  steady-state  conditions » can  be  ap¬ 
ing  biochemical  changes,  conditions  and  sam-  proached  using  exposures  that  cause  asymp- 
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totic  threshold  ,shiftr  long  recovery  durations, 
or  both,  biochemical  analyses  of  the  organ  of 
Corti  of  animals  with  asymptotic  threshold 
shifts  failed,  to.  see  changes  In  LDH  capacity, 
glucose  6  phosphatc  dehydrogenase  capacity, 
ATP,  and  several  neurotransmitter  candidates 
(Thalmann,  1976). 

Over  the  years,  the  results  of  biochemical 
measurements  from  similar  experiments  have 
been  inconsistent  (sec  Tables  3-2  and  3*3); 
such  inconsistencies  could  be  due  to  limita¬ 
tions  of  thc.analytical  methods,  The  cochlea 
presents  several  problems  for  a  biochemist; 
for  example,  the  analysis  of  tissue  made  up  of 
several  cell  types  is  difficult,  and  onc-cannot 
rule  out  the  possibility'  that  opposing  changes 
m  ttyo  cell  types  would  cancel  each  other  if 
the  whole  tissue  was  assayed.  The  rapidity 
with  which  tissues  from  the  inner  ear  can  be 
harvested  is  ofrcrucial  significance  when  at* 
tempting  to  capture  metabolite  levels  in  their 
steady  state.  For  instance,  tissue  ATP/ADP  and 
Pi  ratios  measured  after  fast  freezing  and  with 
conventional  enzymologic  tests  arc  two  times 
less  than  when  measured  using  In  vivo  P-31 
nuclear  magnetic  resonance  (NMR)  imaging 
(Vecch  et  at,  1979;  Ingwall,  1982). 

An  alternative  measurement  of  cellular 
biocnergctics  involves  the  measurement  of 
glucose  metabolism  using  the  radiolabeled 
nonmetabolizable  glucose  analog,  2-dcoxyglu- 
cose  (2DG).  Tlds  technique  measures  glucose 
uptake  and  allows  the  calculation  of  glucose 
use  on  the  basis  of  normative  rate  constants. 
The  direct  application  of  this  method  is  diffi¬ 
cult  because  the  appropriate  rate  constants 
arc  difficult  to  measure  In  the  cochlea,  and  the 
results  cannot  be  generalized  because  the  data 
for  the  mouse  and  gerbii  indicate  species  dif¬ 
ferences  to  noise  exposure.  In  the  mouse  co¬ 
chlea,  noise  exposures  up  to  85  dB  SPL  induce 
a  230  percent  Increase  in  radiolabeled  2DG 
uptake  in  cochlear  tissues  (Canlon  and 
Schacht,  1983;  Canlon  et  al,  1984),  Con¬ 
versely  in  the  gcrbll,  a  barely  detectable  In¬ 
crease  was  seen  at  exposures  up  to  105  dB 
SPL,(Goodwin  et  al,  1984). 

Tlie  majority  of  data  summarized  in  Ta¬ 
bles  3*2  and  3*3  do  not  support  a  role  for  im¬ 
paired  energy  metabolism  in  early  events  in 
NIHL  However,  it  is  possible  that  the  experi¬ 
ments  have  been  conducted  using  wrong 
sound  exposure  parameters.  Since  1985,  the 
role  of  the  outer  hair  cell  and  its  ability’  to  dis¬ 
play  wo  kinds  of  motility  has  led  to  a  re¬ 
newed 'emphasis  of  Gold’s  hypothesis  (Gold, 
1949)  of  an  active  cochlear  amplifier/second 
filter.  Biologically,  the  amplifier  would  be  re¬ 
quired  at  sound  pressure  levels  near  thresh¬ 


old.  As  shown  below,  all  researchers  have  cho¬ 
sen  sound  levels  that  result  in  some  degree  of 
NIHL  It  is  possible  that  changes  in  energy  flux 
(also  reflected  in  changes  of  the1  steady-state 
levels  of  metabolites)  could j be  measured. at 
low  sound  levels  in  a  sound  dependent  man¬ 
ner.  Alternatively,  the  energy  necessary  for 
these  active  ,  mechanisms  .  could  be  found  in 
the  large  electrical  gradients  present,  across 
the  reticular  lamina, (cndocochlear  potential 
and  summating  potential), 

-Biochemical  and  molecular  studies  are 
now  branching  out  .  from  a  number  of  well- 
controlled  anatomic  and  physiologic  studies  of 
NIHL  Recently,  the  structural  organization  of 
the  stereocilium  has  been  elucidated,  and  sev- 
eral  studies  have  implicated  this  structure  as 
the  site  of  early  changes  leading  to  NIHL  (Til- 
ncy  et  -al,  1980).  One  current  hypothesis  is 
that  initial  events  involve  damage  to  a  variety 
of  structural  proteins  of  the  stereocilia  and  cu- 
tlcular  plate  (Tilncy  ct  al,  1982).*Many  studies 
have  correlated  NIHL  with  structural  changes 
in  the  stereocilia  and  cutlcular  plate  (Saunders 
et  al,  1985).  Liberman  and  colleagues  (Liber* 
man,  1984;  Liberman  and  Dodds,  1984a, b; 
Liberman  and  Kiang,  1984;  Liberman  and  Mul- 
roy,  1982)  were  able  to  assess  the  cochlea  his- 
topathologically  at  the  light  and  ultrastructural 
levels  and  compare  these  data  with  the  physi¬ 
ologic  properties  of  individual  afferent  neu¬ 
rons  that  Innervated  the  hair  cell  under  study. 
Measuring  the  physiologic  disease  in  an  ani¬ 
mal,  they  could  predict  the  nature  and  degree 
of  anatomical  disruption.  Their  findings  sug¬ 
gested  that  in  stimulus  conditions  likely  to 
lead  to  moderate  PTS,  the  stereocilia  rootlets 
were  damaged,  whereas  the  hair  cell  exhibited 
no  pathological  signs.  Following  exposures 
likely  to  lead  to  TTS,  stereocilia  were  normal, 
except  for  a  shorter  supracuticular  plate  root¬ 
let.  In  addition,  hair  cells  and  afferent  termi¬ 
nals  often  appeared  ‘‘swollen.’*  These  results 
suggest  that  the  proteins  of  the  stereocilia 
core,  cutlcular  plate,  and  rootlet,  which  are 
primarily  actin,  fimbrin,  and  an  as  yet  uniden¬ 
tified  protein,  are  irreversibly  damaged  in  PTS 
conditions  and  are  functionally  altered  with 
less  severe  or  reversible  trauma  (Tilncy  et  al, 
1989).  Among  the  many  observations  of  stereo- 
citia  trauma  reported  (Saunders  et  al.,  1985), 
the  consensus  emerged  that  the  rootlet  dis¬ 
ease  is  correlated  with  physiologic  deficits, 
these  include  fracturing  the  core  filaments  of 
each  stereocilium,  dcpolymcnzation  of  the  ac¬ 
tin  core,  or  both. 

The  biophysical  consequences  of  mechan¬ 
ical  overstimulation  of  the  hair  bundle  were 
examined  in  vitro  using  isolated  pieces  from 


32 


COCHLEAR  MECHANISMS 


the  guinea  pig  cochlea  (Saunders  and  Flock, 
1986)/ The»  hair  bundle’s  displacement  for  a 
given  stimulus  energy  increased  as  a  function 
of.  overexposure/ Saunders  and- Flock  (1986) 
expressed  their  results  using  the  conventional 
threshold  shift  terminology;  thus,  overexpo¬ 
sure  induced  a  threshold  shift  that  was  linearly 
related  to  noise  exposure.  Interestingly,  the 
damaged  hair  bundle  could  recover  .  from  as 
much  as  a  5  to  7  dB  threshold  shift;  this  recov¬ 
ery  depended  on  the  presence  of  metaboli- 
cally  ‘healthy”  tissues.  These  authors  con* 
eluded  that  a  dynamic  active  process  counter* 
acts  the  loss  of  stiffness  caused  by  overstimula¬ 
tion. 

An  ultrastructural  examination  of  the  hair 
bundles  in  these  experiments  was  not  under¬ 
taken  and,  consequently,  the  type  of  stereo- 
cilia  injury'  in  these  cases  is  not  known.  Mech¬ 
anisms  of  stcreocilia  injury'  include  fracture  of 
individual  stercocilia,  depolymerization  of 
core  filaments,  and  disruption  of  the  extracel¬ 
lular  links  that  cross  link  the  bundle  (Saunders 
et  al,  1986).  Thus,  In  addition  to  examining 
the  structural  changes  in  vitro,  experiments 
designed  to' measure  biochemical. changes  in 
the  proteins  (actin  or  fimbrin)  may  yield  new 
information  concerning  the  mechanisms  in¬ 
volved  in  injury  to  the  hair  bundle. 

Biochemical  analysis  will  also  be  impor¬ 
tant  in  elucidating  the  structures  involved  In 
transduction.  The  nature  of  the  transducer  gat¬ 
ing  spring  is  unknown;  this  molecule  would 
also  be  an  Important  target  during  mechanical 
overstimulation,  A  popular  model  assigns  the 
tip  link  structures  linking  adjacent  rows  of ste- 
reocilia  to  the  transducer  gating  spring;  how¬ 
ever,  it  has  been  noted  that  the  data  support¬ 
ing  this  model  arc  circumstantial  at  best  (Hud¬ 
speth,  1989).  Biophysical  data  provided  by 
Howard  and  Hudspeth  ( 1988)  suggest  that  the 
resistance  to  displacement  of  the  hair  bundle 
over  the  physiologically  relevant  range  Is 
dominated  by  the  tension  in  the  mechanism 
gating  the  transducer  channel.  For  these  rea¬ 
sons,  extensive  characterization  of  the  pro¬ 
teins  of  the  stcrcocihary  membrane,  reticular 
laminar  surface,  and  the  core  proteins  of  the 
stcreoctlium  and  cuticuiar  plate  are  needed. 
Shepherd  et  ai.  (1989)  have  presented  evi¬ 
dence  that  a  small  complement  of  proteins  is 
found  in  these  structures.  But  progress  will  be 
hindered  by  the  small  amounts  of  tissue  avail¬ 
able  and  the  limited  sensitivity  of  the  analyti¬ 
cal  techniques,  A  central  goal  of  many  re¬ 
searchers  in  the  future  will  be  to  assign  molec¬ 
ular  identities  to  the  mechanical  analogs  of 
various  mechanoelcctric  transduction  models. 


Heat  Shock  Proteins 

When  exposed  to  elevated  temperatures, 
organisms  respond  by.  the  synthesis  of  a  group 
of  proteins  known  as  heat  shock  proteins 
(hsps)  (Lindquist,  1986/ Lindquist  and  Craig, 
1988;  Welch  ct  a!,  1989).  Initially  observed  in 
Drosophila,  these  proteins  have  been  found  in 
all  animals,  plants,  and  bacteria  and  are  highly 
evolutionary  conserved.  Although  hyperther¬ 
mia  :is  commonly  used  to  induce  these  pro¬ 
teins,  hsps  can  be  Induced ‘by  any  condition 
that  stresses  the  cell  and,  therefore,  are  also 
referred  to  as  stress  proteins.  Cellular  re¬ 
sponses  to  stress  are  rapid:  increases  in  mRNA 
are  seen  within  »1  hour,  and  increases  in  pro¬ 
tein  within  a  few  hours.  Based  on  their  similar 
properties,  hsps  can  be  divided  into  several 
families;  in  eukaryotes  there  are  at  least  three 
families,  including  the  h$p90  family,  hsp70 
family,  and  hsp20  familj/Thc  number  refers  to 
the  approximate  molecular  weight  in  kilodal- 
tons  of  the  proteins  of  the  family.  In  addition 
to  these  main  groups,  there  arc  numerous  re¬ 
ports  of  proteins  that  are  synthesized  under 
stress  conditions  but  which  have  not  been 
thoroughly  characterized.  One  of  the  more  ex¬ 
tensively  studied  families  in  mammals  is  the 
h$p70  family,  which  is  composed  of  at  least 
four  members  in  humans  and  three  in  rats. 
The  major  heat-inducible  member  of  this  fam¬ 
ily  is  h$p70,  a  70-kD  protein  that  is  usually  ex¬ 
pressed  in  low  levels,  but  that  Is  expressed  at 
dramatically  higher  levels  after  hyperthermia. 
Because  of  its  increased  synthesis,  as  well  as 
thVdecrease  in  synthesis  of  nornrl  cellular 
protrins,  hsp70  is  the  major  translation  prod¬ 
uct  after  stress.  As  in  the  other  hsp  families, 
some  proteins  of  the  hsp70  family  arc  ex¬ 
pressed  at  high  le\els  in  unstressed  tissues. 
The  most  abundant  of  these  Is  a  73-kD  pro¬ 
tein,  referred  to  as  the  constitutive  70-kD 
stress  protein,  or  p72,  which  is  expressed  at 
high  levels  In  most  tissues;  its  synthesis  in¬ 
creases  only  slightly  following  hyperthermia. 
These  two  members  of  the  hsp^O  family  are 
structurally  similar  but  are  distinct  gene  prod¬ 
ucts  and  regulated  differently  (Lindquist, 
1986). 

Several  studies  suggest  that  a  major  func¬ 
tion  of  hsps  is  to  facilitate  cellular  repair  and 
protect  the  cell  from  further  injur)’  (Lindquist 
and  Craig,  1988;  Welch  et  al,  1989).  The  fact 
that  these  proteins  are  widely  distributed  and 
respond  rapidly  to  changing  conditions  is  con¬ 
sistent  with  the  basic  emergency  response  of 
cells.  The  protective  function  of  hsps  is  sup¬ 
ported  by  studies  linking  the  induction  of 
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these  proteins  with  the  acquisition  of  thermo- 
tolerance  in  cultured  cells  from  a  number  of 
organisms.  Cells  rapidly  subjected  to  in* 
creased  temperature  died  much  more  quickly 
than  those  that-werc  first  Subjected  to  a  mod¬ 
est  temperature  increase  to  induce  the  synthe¬ 
sis.  of  lisps  and  then  subjected  to  the,  higher 
temperature.  The  protective  role  of  hsps  was 
more  directly  demonstrated  by  the  .microin¬ 
jection  of  antibodies  to  the  h$p70  family  of 
proteins  into  fibroblasts  (Riabowol  et  al, 
1988),  Cells  containing  the  injected  antibod¬ 
ies,  which  presumably  inactivated  hsp70  pro¬ 
teins,  were  killed  by  brief  heat  shock,  whereas 
control  cells  survived.  These  studies  suggest 
that  an  organ  about  to  experience  a  poten¬ 
tially  lethal  condition  might  be  protected  by  a 
previous  induction  of  heat  shock  proteins. 
Such  an  effect  has  been  demonstrated  In  the 
mammalian  retina,  where  exposure  to  intense 
light  normally  causes  photoreceptor  degenera¬ 
tion/  Prior  induction  of  heat  shock  proteins  by 
hyperthermia  greatly  reduced  the  damage  due 
to  light  treatment  (Barbc  et  al,  1988). 


1  2  3 

c  H  c  H  !C  H: 


Figure  3*1  Immunoblots  of  (I)  rat  cerebellum,  (2) 
cochlear  nucleus,  ami  (3)  spiral  ligamenttslm  vascu- 
Ians  stained  with  ami  hsp70  antibodies  under  normal 
conditions  (C)  and  h)pcrthermla  ((IX  Tissue  wit  ob¬ 
tained  6  hours  abet  a  heat  shock  of  425-  c 


The  molecular  mechanism  by  which  hsps 
exert  their  protective  effects-  is.  not  fully 
known  but  is  believed  to  Involve  the  binding 
of  the -lisp  toan-already  damaged  protein  to 
prevent  further  damage  or  reverse  denatur- 
ation.  Hsps  expressed  in  the  absence  of  stress 
have  been  shown  to  bind  to  precursor  forms 
of  proteins  and  aid  in  their  proper  folding  and 
unfolding  (Dashaies  et  al,  1988). 

■The  mammalian  central  nervous- system 
responds  with  the  syntiiesisof  hsps  to  a-vari- 
ety  of  stresses  including  hyperthermia  (Sprang 
and  Brown,  1987;  Masing  and  Brown,  1989; 
Brown  and  Rush,  1990),  ischemia  (Nowak, 
1985;  Dienel  et  al,  1986;  Vass  et  al,  1988;  Dwy. 
cr  et  al,  1989;  Nowak  et  al,  1990),  physical 
trauma  (Brown  et  al,  1989),  axotomy  (New  et 
al,  1989),  and  neuroioxin  treatment  (Uncy  et 
al,  1988).  Both  neurons  and  giia  can  express 
iisi i7(),  but  the  response  appears  to  be  related 
to'  the  nature  of  the  stress  to  which  the  tissue 
is  subjected, -and  some  neurons  may  be  more 
likely  to  synthesize,  hsps  than  others.  In  the 
gerbil  brain  following  transient  ischemia, 
hsp70  Induction  is  restricted  to  neurons;  the 
protein’s  presence  was  most  prominent  in  the 
hippocampus,  in  contrast,  In  rabbit  and  rat 
brain,  hyperthermia  greatly  increased  hsp/O  In 
glial  ceils  throughout, the  brain  (Sprang  and 
Brown,  1987;  Marini  ei  al,  1990).  Application 
Of  the  ncurotoxln,  kalnlc  acid,  has  Its  greatest 
effect  on  hsp70  induction  in  neurons  (Uncy  cl 
al,  1988),  whereas  trauma  causes  hsp70  In¬ 
crease  in  both  neurons  and  glia  near  the  she 
of  injury  (Brown  et  al,  1989). 

Tlicse  findings. raised  tile  possibility  that 
hsps  could  also  protect  the  auditory  periphery 
from  damage  due  to  noise,  ototoxic  drugs,  or 
trauma.  Recent  studies  showing  that  cells  from 
aged  animals  produce  less  hsp70  mRNA  and 
protein  in  response  to  hyperthermia  than  do 
cells  from  young  animals  (Fargnoll  et  al, 
1990)  suggest  that  lisps  may  also  play  a  role  In 
presbycusis.  We  have  begun  a  study  of  Iisp70 
in  the  rodent  Inner  ear.  Cochlear  tissue  from 
the  rat  was  dissected,  and  proteins  were  ana¬ 
lyzed  by  SDS  polyacrylamide  gel  electrophore¬ 
sis  and  Immunoblonlng  using  monoclonal  an¬ 
tibodies  specific  for  hsp70.  Comrol  animals 
and  animals  .hat  had  been  previously  sub¬ 
jected  to  heat  shock  (a  body  temperature  in¬ 
crease  to  42.5-  C)  were  analyzed,  in  all  co¬ 
chlear  tissue  analyzed,  lisp  was  not  detected  in 
the  unstressed  animal.  Heat  shock,  however, 
produced  a  single  intense  band  migrating  at 
M,  =  70,000  as  seen  in  gels  of  rat  spiral  liga¬ 
ment,  cochlear  nucleus,  and  cerebellum  (Fig. 
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Analysis  of  Cochlear. 

*  Proteins  by  Metabolic 
Labeling  and  Acrylamide 
Gel-Electrophoresis 

Many  of  the  most  interesting  and  informa* 
live  molecular  changes  taking  place  in  the  ear 
under  conditions  such;as  N1HL  and  ototoxic 
drug  damage  may  involve  proteins  that  arc  ex¬ 
pressed  only  or  predominantly  in  the  car. 
Therefore,  information  concerning  these  ear- 
specific  proteins  cannot  be  obtained  by,  using 
other  tissues,  but  must  be  obtained  by  bio¬ 
chemical  analysis  of  inner  car  tissue  under  var¬ 
ious  experimental  conditions.  The  size  and  ac¬ 
cessibility  of  this  tissue  limit- the  approaches 
that  can  be  used.  Several  laboratories  have 
found  that  proteins  from  the  inner  ear  can  be 
analyzed  using  one-  and  two  dimensional  gel 
electrophoresis  with  sensitive  staining  tech¬ 
niques  or  after  fdosynthctically  labeling  the 
proteins  with  radioactive  amino  acids  (Thai* 
mann  cl  a!,  1987;  Shepherd  ct  al,  1989;  Tilncy 
et  al,  1989;-Thalmann  et  al,  1990).  Proteins 
identified  in  this  way  can  be  used  for  the  pro¬ 
duction  of  specific  antibodies  or  for  obtaining 
amino  acid  sequence,  with  the  final  objective 
of  isolating  cDNA  clones  encoding  the  pro¬ 
teins.  With  such  tools,  the  proteins  can  then 
be  characterized  with  respect  to  structure, 
function,  and  j  distribution.  A  sensitive  tech¬ 
nique  that  will  help  us  with  the  identification 
and  characterization  of  car-spccific  proteins  Is 
to  biosynthctically  label  the  proteins  with  ra¬ 
dioactive  precursors  (Wcnthold  and  Me* 
Garvey,  1982a, b;  Wcnthold,  1985).  The  advan¬ 
tage  of  this  method  is  twofold.  The  proper 
choice  of  radioactive  precursor  can  offer 
higher  sensitivity  than  the  standard  silver  stain 
method;  ,5S  methionine  is  often  used  as  a  pre¬ 
cursor  because  most  proteins  contain  methio¬ 
nine  and  J5S  is  of  sufficiently  high  energy  to 
produce  autoradiographs  of  gels  in  a  reason¬ 
able  time.  Under  optimal  conditions  with  two* 
dimension*!  gels,  /no re  than  1,000  separate 
proteins  can  be  detected.  Cochlear  proteins 
caii  be  labeled  in  vivo  with  3?S  methionine  by 
exchanging  the  perilymph  with  artificial  peri¬ 
lymph  containing  the  radioactive  amino  acid. 
This  technique  minimizes  trauma  to  the  tissue 
and  allows  characterization  of  protein  synthe¬ 
sis  under  nearly  normal  physiologic  condi¬ 
tions.  An  alternative  method,  which  may  in¬ 
crease  the  specific  labeling  of  the  proteins  and 
also  give  greater  control  over  concentration  of 
precursor  and  time  of  incorporation,  is  to  in¬ 


cubate  dissected  ^  tissue  ^in  -  vitro .  in 'solutions 
containing  radioactive.- amino,  acids  (Matchin- 
ski,  personal  communication).  This  method, 
however;  is  limited  in. that  significant  damage 
occurs  when  the  tissue  is  dissected;  as  found 
in  other  systems;  such  “damage  could  alter  the 
normal  pattern  of  protein  synthesis.  Both  tech¬ 
niques  allow/ ihc  use  of  more-specific  precur¬ 
sors,  such  as  sugars  that  label  only  glycopro¬ 
teins, 

A  second  advantage  of 'radioactive- label¬ 
ing  of  proteins  is  that  it  reflects  synthesis  that 
occurs  over  a  defined  period,  whereas  a  stain 
simply  reflects  the  total  amount  of  a  particular 
protein.  Therefore,  a  dramatic  change  in’pro- 
tein  in  response  to  an  experimental  condition 
may  not  be  seen  by  staining  if  a  large;  slowly 
metabolized  pool  of  the  protein  is  present.  For 
example,  under  conditions  of  N1HL,  this  ap¬ 
proach  would  allow  the  analysis,  of  proteins 
.that  are  synthesized  in  cochlear  tissues  at  var¬ 
ious  times  after  presentation  of  the  stimulus. 
Intervals  as  short  as  15  to  30  minutes  should 
be  sufficient  to  produce  labeling  of  the  major 
proteins.  Identification  of  these  proteins  may 
give  clues  concerning  the  molecular  processes 
that  arc  most  affected  by  the  stimulus. 

Using  this  labeling  protocol,  we  have 
characterized  a  number  of  proteins  that  arc 
synthesized  by  spiral  ganglion  cells  and  trans¬ 
ported  in  the  auditory’  nerve  (Tytcll  ct  al, 
1980;  Wenthold  and  McGarvey,  1982a, b; 
Wcnthold,  1985).  Especially  relevant  to  this 
discussion  on  the  biochemical  changes  occur* 
ing  in  response  to  cochlear  damage  Is  the 
finding  that  the  synthesis  or  two  auditory 
nerve  proteins  changes  dramatically  with  hair 
cell  loss  (Wcnthold  and  McGarvey,  1982a, b; 
Wenthold,  1985).  If  hair  cells  of  a  guinea  pig 
arc  damaged— for  example,  in  the  genetically 
deaf  waltzing  guinea  pig  or  in  normal  animals 
treated  with  an  ototoxic  drug— there  is  an  in 
creased  synthesis  of  two  proteins  with  average 
molecular  weights  of  27  and  36  kD  in  the  au¬ 
ditory'  nerve.  Quantitation  of  radioactivity  in¬ 
dicates  that  labeling  of  these  two  proteins  in¬ 
creases  more  than  six  times  after  hair  cell  loss. 
Following  spiral  ganglion-  cell  degeneration, 
there  is  a  general  decrease  in  protein  synthe¬ 
sis,  and  these  two  pro.eins  emerge  as  the  ma¬ 
jor  labeled  proteins  in  the  auditory  nerve.  Pre¬ 
liminary  chemical  analysis  of  these  proteins 
shows  that  /hey  are  glycoproteins.  Peptide 
mapping  of  the  multiple  forms  of  each  protein 
indicate  that  they  arc  closely  related,  consis¬ 
tent  with  the  differences  arising  from  various 
degrees  of  glycosylation.  Furthermore,  the 
peptide  mapping  studies  show  that  the  27-kD 
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and  36-kD  proteins  may  be  similar,  suggesting 
that  they  are  different  forms  of  the  same  pro¬ 
tein  or  related  subunits  of- the  same  protein 
complex 

The  function  of  the  27-kD  and  37-kD  pro¬ 
teins  remains  to  be  determined.  One  hypothe¬ 
sis  is  that  they,  are  stress  proteins  produced  by 
the  spiralganglion-cells  as  they  lose  synaptic 
contact  with  hair  cells  and  begin  to  degener¬ 
ate,  :Such  proteins  may  play  a  role  in  the  sur¬ 
vival  of  a  small  population  of  spiral  ganglion 
cells,  which  are  present  several  rr.ontlis  after 
hair  cell  loss.  This  idea  Is  supported  by  the 
finding  that  the  27-kD  and  36-kD  proteins  con¬ 
tinue  to  be  expressed  at  high  levels  after  most 
spiral  ganglion  cell  degeneration  is  complete 
and  a  stable  population  remains. 

Conclusion 

It  is  apparent  from  a  review  of  the  litera¬ 
ture  that  little  is  known  about  the  molecular 
processes  involved  In  Null.  To  fully  under¬ 
stand  these  processes  a  knowledge  of  the  nor¬ 
mal  biochemistry  of  the  cochlea  Is  necessary. 
Until  the  critical  molecular  mechanisms  of  the 
cochlea  arc  defined,  it  is  impossible  to  test 
whether  or  not  they  arc  affected  in  NUIL  The 
substantial  amount  of  Information  known 
about  the  physiologic  and  -  morphologic  as¬ 
pects  of  NIIII.  provides  a  background  for  mo¬ 
lecular  studies.  Although  the  structural  charac¬ 
teristics  of  the  cochlea  preclude  standard  bio¬ 
chemical  approaches  to  its  analysis,  the  over¬ 
whelming  amount  of  Information  available  on 
molecular  techniques  and  processes  offers 
several  promising  avenues  for  studing  the  co¬ 
chlea.  Antibodies  arc  now  available  to  proteins 
with  a  wide  spectrum  of  functions,  and  these 
can  be  applied  to  determine  the  localization  of 
these  proteins  In  the  cochlea.  Similarly,  genes 
encoding  a  large  number  of  proteins  have  now 
been  cloned,  with  the  number  Increasing 
daily,  and  these  can  be  studied  in  the  cochlea 
with  In  situ  hybridization  and  related  tech¬ 
niques.  Furthermore,  new  antibody  technol¬ 
ogy  and  mlcromolecular  biology  techniques 
can  now  be  applied  to  the  study  of  proteins 
expressed  exclusively  or  primarily  in  the  co¬ 
chlea. 

Processus  Biochimiques 
et  Deficits  Auditifs 

ST!  exisle  peu  d'mformaiions  concemant 
ies  changcmcnts  biochimiques  Induits  au 


niveau  cochleaire  par  le  trauma  acoustique, 
ces  changements  devraient.etre  importants,  et 
pour  la  plupart  d'entre  eux,  non  specifiques  dc 
Foreille  interne.  En  effet,  la  plupart  des 
changements  moleculaires  intervenant  au 
niveau  des  cellules  cochleaires  exposies  4,un 
fraumatisme  sont  probablement  les  memes 
que  ceux  developpis  dans,  routes  les  autres 
cellules  sivirement  "stressees.”  Aussi,  utiliser 
une  telle  approche  au- niveau  de  la  cochlcc 
pourrait  etre  intiressant  pour  caracteriser  les 
dommages  induits  par  un  bruit  ou.par  des 
drogues  ototoxiques. 

Nous -nous  sommes  done  interessis  4  la 
caractirisation  de  deux  categories  de  pro- 
tclnes.  La  prcmiire  inciut  des  proteines  dont 
la  synthise  cst  indulte  iors  de  dommages  cel- 
lulaires  et  qui  ont  c'le  catacterisccs  dans 
d  autres  systentes.  la  seconde  categoric  inciut 
des  proteines  qul  ont  ete  spicifiqu'ement  iden¬ 
tifies  dans  la  cochlcc  Iors  d’unc  exposition  au 
bruit,  apris  administration  de  drogues  ototox 
Iqucs  ou  apris  des  dommages  mfcanlques. 

Dans  la  premiere  catigoric,  nous -avoirs 
etudie  deux  proteines.  la  “beat-shock  protein 
70*  (hsp70)  et  les  sous-unites  de  ncurofiia- 
ments.  In  hsp70  fait  panic  de  la  famllle  des 
protilncs  connucs  comme  ctant  des  proteines 
du  stress.  Ces  proteines  se  retrouvent  cn  tris 
faiblc  quantity  dans  la  plupart  des  tissus  des 
manrmifircs,  mais  leur  syntlicJe  de  maniirc 
importantc  lorsquc  les  cellules  sont  sounriscs 
4  un  "stress.*  Origincllcment  identifiers  Iors 
d'unc  hyperthermic,  ces  protilnes  du  "stress" 
sont  connucs  pour  rfpondre  4  d'autres  types 
de  "stress*  dont  l'ischimie,  les  dommages 
mccanlqucs  ou  les  ncurotoxincs.  Pluslcurs 
fonctlons  leur  ont  etc  attributes  dont  la  plus 
Intercssantc  serait  un  r6Ie  proteetcur  cn  cas 
de  dommages.  Elies  pourralent  done  aussi 
Jouer  un  rfllc  proteetcur  an  niveau  des  cel¬ 
lules  dc  Foreille  interne  Iors  dc  dommages 
causes  par  une  exposition  sonorc  ou  par 
['administration  de  drogues  ototoxiques.  les 
neurofilaments  sont  le  composant  majeur  du 
cytosquclctte  neuronal  et  sont  composts  de 
trois  sous-unites  dont  le  poids  moleculairc  est 
d'environ  200,  160,  et  68  ID,  Chez  le  cobaye, 
ces  3  sous-unites  sont  abondamnrent  pre- 
sentes  dans  les  corps  ccllulaircs  des  cellules 
ganglionnaires  de  type  II  (Dau  et  Wenthold, 
1989)  alors  que  les  cellules  de  type  I  ne  pos- 
sident  que  la  sous-unite  de  200  ID.  Si  apris  ad¬ 
ministration  de  neomycine,  les  cellules  gangli- 
onnaires  dc  type  11  demenrent  fortement  immu- 
noreactires  aux  3  sous  unites,  lTmmuno- 
reactivite  des  cellules  ganglionnaires  de  type  1 
augmente  pour  les  sous  unites  de  160  kD  et 


3 6  COCHLEAR  MECHANISMS 

de  68  kD,  et  dimmue  pourJ'unite  de  200  kD. 

Pour  le  second  groupe  dc  proteines,  nous 
avons  decrit  2^50^65  dc  proteines  presentes 
en  faiblc,  quantile  au  niveau  des  cellules  gan- 
glionnaires.  Toutefois,  leur  quantite  augmente 
apres  ?des  dommages -cellulaires  ct  persistc 
apres  degenerescence  de  ces  cellules.  Ces  re- 
sultats  laissent  entrevoir  la  possibility  que  cc$ 
prot&nes  pourraient  jouerun  r61e  dans  la  sur- 
vie  des  cellules  ganglionnaircs  restantes. 
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CHAPTER  4 


Pharmacologic  Approach  to  Acoustic 
Trauma- in  the  Cochlea 

RICHARD  P.  BOBBIN 


y  chemicals  have  been  explored  for 
their  ability  to  interact  with  cochlear  damage 
induced  with  intense  sound:  vitamins,  vasodi¬ 
lators,  tranquilizers,  stimulants,  antibiotics,  ste¬ 
roids,  and  nonsteroidal  anti-inflammatory 
agents  (Bobbin  and  Gondra,  1976;  Bobbin  ct 
aL  1976;  Kisiel  and  Bobbin,  1981ajb;  Bronn  et 
al,  1981).  Social  chapters  in  this  book  ad¬ 
dress  the  interaction  of  intense  sound  with 
particular  drugs.  I  will  attempt  to  ascribe 
mechanisms  to  the  interaction  of  intense 
sound  with  social  different  drugs:  kynurcnic 
arid,  cvtochalasin,  salicylate,  quinine,  and  ni- 
modipinc. 

Hair  Cell  to  Afferent 
Nerve  Synapse 

It  is  known  that  intense  sound  exposure 
induces  swelling  of  the  afferent  dendrites  at 
the  lo'cl  of  the  inner  hair  cells  (Robertson, 
1983).  Thus  it  appears  possible  that  during  in¬ 
tense  sound  exposure,  excess  neurotransmit¬ 
ter  is  released  from  the  inner  hair  cells  which, 
in  turn,  damages  the  afferent  nerve  endings. 
Because  an  excitatory  amino  arid  (EAA),  such 
as  glutamic  arid  or  aspartic  acid,  may  be  the 
hair  cell  transmitter  (Bledsoe  ct  al,  1988),  it  is 
reasonable  to  suppose  that  an  EAA  induces  the 
swelling  observed  after  intense  sound  expo¬ 
sure.  In  the  central  nervous  system  HAAS  arc 
ncurotoxic  (Koh  ct  al,  1990)  Pujol  ct  aL 
(1985)  demonstrated  that  EAAs  (kainic  acid) 
induce  swelling  of  the  afferent  nerve  endings 
in  the  cochlea.  Therefore  we  tested  whether 
an  EAA  antagonist  would  reduce  the  effects  of 
intense  sound  exposure  in  the  cochlea  (Pucl 
ct  al,  1988). 

Briefly,  anesthetized  and  artificially  re¬ 
spired  guinea  pigs  with  sectioned  middle-ear 
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musdenwerc  used.  Various  agents  were  per¬ 
fused  through  the  perilymph  compartment  of 
the  cochlea  before,  during,  and  after  intense 
sound  exposure  (Fig.  4-1).  The  intense  sound 
exposure  consisted  of  a  6kHz,  95-dB  SPE,  15- 
minute  continuous  pure  tone.  The  EAA  antag¬ 
onist  we  studied  was  kynurcnic  add.  The  co¬ 
chlear  potentials  (cochlear  microphonics 
[CM],  summating  potential  [SPJ,  compound  ac¬ 
tion  potential  of  the  auditor)*  nerve  [CAP],  N1 
Latency)  were  monitored  from  a  wire  in  the 
basal  turn  scala  vestibuli  in  response  to  tone 
bursts  (8,484  Hz).  The  intense  sound  induced 
several  interesting  effects  (see  Chapter  36): 
(1)  the  greatest  reduction  in  the  CAP  and  SP 
was  localized  one-half  octane  higher  (8,484 
Hz)  than  the  intense  tone  exposure  (see  the 
review*  of  MeFadden,  1986),  and  (2)  only  the 
low-intensity  portions  of  the  intensity  func¬ 
tions  were  affected. 

The  effects  of  kynurcnic  arid  and  its  inter¬ 
action  with  the  intense  sound  arc  illustrated  in 
Figure  4-2.  The  drug  reduced  both  high-  and 
low-intensity  CAP;  this  effect  w'os  readily  re¬ 
versed  with  artificial  penlymph.  The  effects  of 
the  drug  added  to  the  effects  of  the  intense 
sound.  When  the  drug  was  washed  out,  the 
added  effect  of  the  drug  was  removed,  expos¬ 
ing  the  effects  of  the  intense  sound.  We  there¬ 
fore  concluded  that  the  drug  exhibited  simple 
additive  effects  with  the  intense  sound. 

Generally,  investigators  feel  that  the  low*- 
intensity  CAP  andiSP  reflect  the  active  pro¬ 
cess — mechanical  or  electrical  events  or 
both —utilized  by  the  cochlea  to  achieve  its 
sensitivity.  Most  guess  that  the  outer  hair  cells 
(OHCs)  arc  the  anatomic  basis  of  the  active 
process  (Brownell,  1990).  We  observed  a  sup¬ 
pression  of  only  low-intcnsity-cvokcd  CAP  and 
SP,  so  we  conclude  that  the  intense  sound  that 
we  used  only  damaged  the  active  process. 
Others  explain  this  damage  to  the  active  pro- 
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Figure  4-2  Results  of  the  experiment  utilizing  the  scheme  illustrated  in  Figure  4  1  in  three  groups  of  the  animals 
each.  Hits  figure  illustrates  the  effect  of  ( 1 )  intense  sound  (IS)  exposure  combined  with  artificial  perilymph  perfu 
sion  (AP);  (2)  kynurcnaie  (5  mm)  perfusion  alone;  and  (3)  intense  sound  exposure  combined  with  kynurenate  (5 
mm)  perfusion.  The  IS  was  a  6-kllz,  95-dB  SPL  tone  with  a  duration  of  15  mm<  Shown  arc  the  mean  and  S  E.  (n  =  5) 
values  for  a  compound  action  potential  (CAP)  of  the  auditory  nerve  obtained  in  response  to  8,484  Hz  tone  bursts  of 
104  and  68  dB  SPL  before  any  perfusions  (Prc  AP)  after  the  first  perfusion  with  artificial  perilymph  (Post  AP).  and 
after  three  different  treatments  (Post  TR)  AP  with  IS,  intense  sound  dunng  artificial  perilymph  perfusion,  5  mm 
Kyn,  S  mm  kynurcnic  acid  perfusion  without  intense  sound,  $  mm  Kyn  with  IS,  5  mm  kynureme  acid  perfusion  with 
the  intense  sound  exposure.  Tlic  last  set  of  bars  shows  the  data  obtained  after  the  last  perfusion  with  artificial  per 
ilymph  (Post  AP)  alone.  (From  Pucl  Jl  L,  Bobbin  RP,  Fallon  M.  The  active  process  Is  affected  first  by  intense  sound 
exposure.  Hear  Res  1988, 3753-6>4.) 


cess  by  intense  acoustic  stimulation  as  damage 
to  the  stercocilia  of  the  OHCs  (Nielsen  and 
Slepccky,  1986).  Kynurcnic  add  is  thought  to 
act  only  at  the  EAA  receptors  on  the  afferents 
(Bledsoe  ct  al,  1988).  Therefore,  our  data  indl* 
cate  that  there  was  no  apparent  interaction 
between  the  damaging  effects  of  the  intense 
sound  at  the  stercocilia  and  the  action  of 
kynurcnic  acid  at  the  EAA  receptors.  Our  data 
indicating  that  the  high  intensity  CAP  was  un¬ 
affected  suggest  that  the  tone  exposure  we 
used  was  not  of  sufficient  intensity  to  induce 
afferent  swelling.  This  is  consistent  with  the 


results  of  Robertson  (1983),  who  showed  that 
to  obtain  afferent  nerve  swelling  one  must  use 
a  tone  greater  than  1 10  dB  SPL 


Drugs  That  Act  Like 
Intense  Sound  on 
Cochlear  Potentials 


Figure  4*3  compares  the  effects  of  cyto- 
chalasin  D,  salicylate,  and  intense  sound  on 
the  CAP  and  negative  $P  (-SP).  Cytochalasin 
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Figure  4*3  A  comparison  of  the  effects  of  cytodulasin  D,  intense  sound  exposure  (6  kHz.  95  dB  SPl*  15  mm),  and 
salicylate  on  CAP  and  -SP  Input/output  functions  evoked  by  10,000  Hz,  8,48 i  lfz,  and  10,000  Hz,  respectively 
Shown  are  the  functions  obtained  after  perfusion  with  artificial  pcolymph  alone  before  (Postrmgcr)  and  after  per¬ 
fusion  with  the  drag,  and  after  the  intense  sound,  (From  Barron  et  al,  1987,  Pud  et  al,  1988,  and  Pud  ct  al,  1990.) 


D  suppresses  only  the  low-intensity  CAP  and  salicylate-induced  CAP  alterations  arc  simtlar 

SP,  as  does  intense  sound  (Barron  et  al,  1987)  to  those  induced  by  intense  sound,  but  differ* 

Conversely,  In  both  of  our  studies  with  salicy*  ent  in  terms  of  the  -SP,  according  to  Pucl  ct 

late,  we  found  that  it  docs  not  change  the  al  (1989,  1990).  On  the  other  hand,  the  ac- 

-SP,  but  suppresses  the  low-intensity  CAP  tions  of  cytochalasin  D  arc  similar  to  those  of 

(Pucl  et  al,  1989,  1990),  Our  CM  and  SP  re-  intense  sound  on  both  potentials.  Cytochalasin 

suits  conflict  with  the  results  reported  by  Sty*  is  thought  to  act  on  actin  polymerization,  so 

pulkowski  ( 1989).  Stypulkowskl  reported  that  we  speculated  that  it  acts  on  the  active  pro- 

intravenously  administered  salicylate  dc-  cess,  possibly  the  stercocilia  (Barron  et  al, 

creased  the  magnitude  of  the  round-window-  1987).  Salicylate,  in  contrast,  has  a  much 

recorded  SP  and  increased  CM,  One  major  dif-  greater  effect  on  the  CAP  than  on  the  -SP. 

fercnce  between  StypulkowskTs  preparation  This  led  us  to  speculate  that  the  drug  acted  at 

and  ours  is  that  in  our  preparation  we  avoided  a  different  site  than  intense  sound — not  the 

systemic  effects  such  as  changes  in  blood  pres-  stereocilia  of  the  OHCs,  Stypulkowskl  ( 198V ), 

sure  and  respiration  induced  by  salicylate.  In  Brownell  (1990),  and)Brownell  ct  al  (1990) 

addition,. we  were  able  to  demonstrate  rever-  present  evidence  that  salicylate  acts  on  the 

sal  of  the  salicylate  effects  (Pucl  et  al,  1990),  OHCs.  In  contrast,  in  our  experiments  salicy* 

whereas  Stypulkowskl  did  not.  We  therefore  late  suppresses  spontaneous  activity  before  it 

concluded  that  cither  Stypulkowski's  results  affects  evoked  activity  in  the  afferent  nerve  fi- 

reflect  the  changes  In  the  physiologic  state  of  bers,  and  it  antagonizes  the  action  of  gluta* 

the  animal,  or  we  measured  different  -SP  and  mate  (Pucl  et  al,  1989).  Because  the  -SP  is  an 

CM  potentials.  electrical  event  originating  from  the  OHCs 

However, -the  point  to  emphasize  is  that  and  IHCs,  and  because  of  the  lack  of  effect  of 
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Figure  4-4  Effect  of  perfusion  of  quinine  (n  «  S)  through  the  perilymphatic  compartment  on  CAP  and  Nl  latency 
as  a  function  of  intensity,  Shown  arc  functions  recorded  after  predtug  artificial  perilymph  pcrtusion  (Postringcr  )  and 
after  perfusion  of  various  concentrations  of  quinine.  (From  Fuel  JL,  Bobbin  RP,  Fallon  M.  Salicylate,  mefenamatc, 
meclofcnamatc,  and  quinine  on  cochlear  potentials.  Otolaryngol  Head  Neck  Surg  1990;  10266*73  ) 


salicy  late  on  the  -SP,  our  evidence  generally 
indicates  that  the  drug  acts  at  “expression’'  of 
the  active  process.  Tliis  could  be  the  function 
of  the  hair  cell  to  nerv  e  fiber  (Pud  et  al,  1989, 
1990),  We  suggest  that  salicylate  acts  at  the 
transmitter  release  mechanism  at  the  IHCs  or 
at  tlie  transmitter  receptor  cites  on  the  affer¬ 
ent  endings. 

What  arc  the  effects  of  these  drugs  in 
combination  with  intense  sound?  Cytochalasin 
has  not  been  investigated  in  combination  with 
intense  sound,  although  it  would  be  an  inter¬ 
esting  experiment  given  the  possibility  that 
the  two v  may  act  at  the  $tercocilia«>On  the 
other  hand,  MeFadden  and  Plattsmier  (1983) 
present  evidence  that  salicylate  potentiates 
the  action  of  intense  sound.  It  appears  to  me 
that  salicylate  simply  adds  to  the  effects  of  In¬ 
tense  sound  in  a  manner  similar  to  Icynurenlc 
acid,  I  base  this  assertion  on  the  clectrophysi- 
ologic  evidence  presented  above,  which  indi¬ 
cates  that  the  drugs  (kynurcnlc  acid,  salicy¬ 
late)  and  Intense  sound  act  at  different  sites  in 
the  cochlea,  and  that  the  effect  of  the  drugs  at 
one  site  does  not  appear  to  interact  with  the 
effect  of  intense  sound  at  the  other  site. 

Thus,  in  general,  any  drug,  that  acts  at  a 
site  different  from  one  acted  on  by  intense 


sound  may  simply  add  to  the  effects  of  the  In¬ 
tense  sound.  Of  course  here  we  arc  referring 
only  to  tHose  eases  in  which  the  sound  is  at  an 
intensity  that  affects  the  active  process  or  acts 
on  the  stercocilia,  and  in  which  the  drugs  are 
reversibly  ototoxic. 

Drugs  That  Act 
Differently  from  Intense 
Sound  on  Cochlear 
Potentials 

Figure  4-4  illustrates  the  effects  of  quinine 
perfused  through  the  cochlea  (Pucl  et  al, 
1990).  The  effects  of  quinine  on  CAP  and  Nl 
latency  3re  similar  to  the  effects  of  kynurenic 
acid.  In  general,  tbe  CAP  input/output  curve 
shows  a  “parallel”  shift  to  the  right  and  down, 
whereas  the  latency  curve  is  shifted  to  the 
right  and  up.  There  is  little  evidence  that  the 
drug  selectively  suppresses  the  low-intensity 
portion  of  the  CAP  or  the  active  process.  If 
anything,  the  drug  affects  both  the  active  and 
passive  processes  together. 

Another  major  characteristic  of  quinine  is 
the  drug’s  large,  but  approximately  equal,  ef- 
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Figure  4*5  A  comparison  of  ihc  effects  of  quinine  and  nimodipinc  perfused  through  the  perilymph  compartment 
on  the  CM  and  -SP  as  a  function  of  Intensity.  Shown  arc  functions  recorded  after  predrog  artificial  penlymph  per¬ 
fusion  (Art  Perilymph)  and  after  perfusion  with  various  concentrations  of  quinine  or  nimodipine.  (Quinine  data 
from  PuhlJ  I,  Bobbin  RP,  Fallon  M.  Salicylate,  mefenamate,  meclofenamatc,  and  quinine  on  cochlear  potentials.  Oto¬ 
laryngol  Head  Neck  Surg  1990. 10266-73-  Nimodipine  data  from  Bobbin  RP,  Jastreboff  PJ,  Fallon  M,  llttman  T.  Ni¬ 
modipine,  an  L-channcl  Ca?*  antagonist,  reverses  the  negative  summating  potential  recorded  from  the  guinea  pig 
cochlei/Hear  Res,  In  press  ) 


feet  on  the  CM  and  the  -SP  (Fig.  4'$).' In  con* 
trast  is  the  action  of  nimodipinc,  an*l»type 
Ca2*  channel  antagonist,  which  has  a  much 
greater  effect  on  the  -SP  than  on  CM,  as 
shown  In  Figure  4*5  (Bobbin  et  al,  1990).  The 
effect  of  nimodipinc  on  CAP  and  N1  latency  is 
similar  to  that  of  quinine.  The  effects  of  both 
drugs  are  readily  reversible. 

Quinine  is  thought  to  act  by  blocking 
ATP-dependent  and  Ca2* -dependent  outward 


K+  channels  (Petersen  et  al,  1986;  Ohmorl, 
1984).  Presumably  these  channels  are  in* 
voived  in  the  movement  of  K*  out  of  the  hair 
cell.  Because  CM  is  thought  to  be  predond* 
nately  a  K*  current,  the  large  effect  of  quinine 
on  CM  is  in  accordance  with  its  known  ac* 
tions.  The  effect  on  SP  is  a  result  of  the  action 
of  the  drug  on  CM, 

In  contrast  to  quinine,  nimodipine  ts 
known  as  a  Ca2*  channel  antagonist.  These  re* 
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suits  then  suggest  a. rolc;Ifof;Ca?+‘  in  the  pro* 
duction  of  .  the  —SP»  -Many* possible  mecha¬ 
nisms  may  explain  the  dramatic  effect  of  ni- 
modipine  on  the  ~SP.  These  include  the 
blockade  of  a  Ca2+  current,  a  Ca2*-dependent 
K*  current,  and  a  Ca2*-dcpendent  shortening 
and'  lengthening,  of  OHCs  (Bobbin  ct  a!/ 
1990).  Conversely,  Ca2+  channel  <  antagonists 
are  known  to  have  many  actions  other  than 
blockade  of  Ca2*  L-channels  (Zernig,  1990), 
For  instance,  Sato  (1989)  observed  a  reduc¬ 
tion  in  the  endocochlear  potential  (EP)  with 
nifedipine,,  another  organic  Ca2*  channel  an¬ 
tagonist,  However,  we  did  not  detect  a  change 
in  EP  with  nimodipinc,-In  addition,  Sato  did 
not  duplicate  the  effect  of  nifedipine  on  the 
EP  with  10  mm  EGTA,  which  probably  means 
that  the  change  in  EP  by  nifedipine  was  not  re¬ 
lated  to  Ca2*. 

Wc  predict  that,  like  salicylate  and 
kynurenlc  acid,  quinine  will  simply  add  to  the 
effects  of  an  intense  sound  that  damages  the 
active  process  or  the  stcreocilia,  In  contrast, 
nhnodipine  may  reduce  the  effects  of  Intense 
sound  on  the  active  process.  The  literature 
suggests  that  this  may  be  the  case  (Mann  et  al, 
1987).  Such  a  reduction  may  come  about  if  ni- 
modipinc  reduces  the  contractual  pull  of  the 
OHCs  on  their  own  stcreocilia. 

Up  to  this  point,  the  discussion  has  cen¬ 
tered  on  an  Intense  sound  exposure  that  af¬ 
fects  only  the  active  process  and  In  particular 
appears  to  damage  the  siercoclHa.  On  the 
other  hand,  if  the  sound  is  intense  enough  to 
affect  the  hair  cell  Itself  or  to  induce  sw  elling 
of  the  afferents,  then  the  above  drugs  may 
have  different  interactions  with  the  sound.  For 
Instance,  kynurenlc  acid,  and  salicylate  may 
prevent  the  damage  to  the  afferents  By  block¬ 
ing  an  outward  K*  channel,  quinine  may  po¬ 
tentiate  the  effects  of  such  an  intense  sound 
by  inducing  an  additional  depolarization  of  the 
cell. 

Conclusion 

Overall,  it  appears  that  the  pharmacology 
of  drug  action  in  the  ear  is  becoming  clearer. 
We  are  beginning  to  understand  the  mecha¬ 
nism  of  action  of  aspirin,  quinine,  and  other 
classic  ototoxic  drugs,  and  new  drugs  arc 
proving  useful  tools.  In  addition,  there  is  new* 
knowledge  of  the  mechanism  of  action  of  in¬ 
tense  sound.  With  this  new  knowledge  in 
these  two  areas,  we  can  make  predictions  as 
to  whether  the  drugs  will  or  will  not  interact 
with  intense  sound  in  damaging  the  cochlea. 


Approche 

Pharmacologique  du 
Traumatisme  Sonore 
Cochleaire 

Historiqucment,  plusieurs  substances 
chimiques  ont  ete  utilisees  dans  le  but 
d’augnicntcr  ou  de  rdduire  les  dommages  co- 
chleaires  induits  par  un  traumatisme ,  acous- 
tique.  Ces  substances  appartiennent  it  toutes 
les  classes  d’agents  pharmacologiques;  vita- 
mines,  vaso-dilatateurs,  tranquillisants,  stimu¬ 
lants,  antibiotiques  ou  antl-inflammatolres  non 
stdroidiens. 

Notre  laboratoire  a  utilise  plusieurs  ap- 
proches  cxp£rimentales  afin  de  tester  des  sub¬ 
stances  susceptibles  d’interagir  ou  de  prevenir 
les  effets  d’un  traumatisme  acoustiquc.  Tout 
d’abord,  nous  avons  examine  i’aspcct  •'stress" 
grace  it  un  pr6-traitement  it  la  reserpine,  unc 
drogue  qui  abolil  Faction  du  systfcmc  nerveux 
sympathique.  Un  tel  traitement  n’avalt  aucun 
effet  sur  les  dommages  anatomiques  induits 
par  un  son  intense  de  4  kHz.  Ensuite  nous 
avons  cssaye  de  prevenir  l’effet  traumatique 
de  ce  memc  son  intense  en  utilisant  Facidc 
amino  oxyac£tiquc  connu  pour  redulrc  de 
manure  reversible  1c  potentiel  endocochle* 
aire.  Cc  traitement  attenuait  la  perte  des  cel¬ 
lules  ciliics  Induitc  par  lc  son  traumatique. 
Toutcfois,  les  r&ultats  n*6taicnt  pas  aussl  clalrs 
lorsquc  cctte  etude  fut  reprise  cn  utilisant  des 
techniques  eicctrophysiologiqucs  (Kisicl  ct 
Bobbin,  1981). 

D’autres  donnecs  indiquent  que  Ic  trau¬ 
matisme  acoustiquc  ainsi  que  le  glutamate  (le 
neurotransmcttcur  presume  dcs  cellules  cil- 
iecs  internes)  provoquent  des  gonflements  dcs 
terminaisons  afferentes  sous  les  cellules  cil- 
iees,  Dans  lc  syst^me  nerveux  central,  le  gluta¬ 
mate  est  impliqu6  dans  h  mort  neuronale. 
Aussi,  nous  avons  teste  Feffet  d'un  antagomstc 
du  glutamate,  Facide  kynurcnlque,  lors  d'unc 
exposition  i  un  traumatisme  acoustiquc  (Puel 
et  coll.,  1988).  Les  resultats  etaient  negatifs  et 
indiquaient  que  le  son  Intense  utilise 
n’affectait  que  les  mdcanismes  actife  (proba- 
blemcnt  les  stercocils).  Ces  resultats  in¬ 
diquent  aussl  que  Fintensit6  du  son  trauma¬ 
tique  utilisec  n’etait  pas  suffisante  pour  provo- 
quer  des  gonflements  dcs  terminaisons 
nerveuses  afferentes,  De  nouvellcs  etudes 
devront  etre  effectudes  en  utilisant  un  trauma¬ 
tisme  acoustique  plus  intense. 

La  nimodipinc,  un  bloqueur  des  canaux 
calciques,  abolit  Ic  potentiel  de  sommation 
ndgatif  (Bobbin  et  coll,  1989),  Ceci  mdique 
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que  Ic-potentiel  de  sommation  negatif  reflete 
ua  couranc  calcique-  dansles  cellules  ciliees 
et/ou  les  proprietes  contractiles 'des  cellules 
ciliees  extemes;  Aussl'-il  n’est  pas  surprenant 
que  les  antagonistes  calciques  puissent  reduire 
Feffct  d’un  traumatisme  acoustlque  (Mann  et 
coll.,  1987) 

En  resume,  il  semble  que  plus  on  avance 
dans  le  domaine  de  la  biologic  et  de  la  phar¬ 
macologic  cochI6aIre  nileux  1’interaction  de 
differentes  drogues  avec  1c  traumatisme  acous- 
tjquc  cst  comprise. 
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CHAPTER  5 


Effect  of  Noise  on  Auditory 
Nerve  Responses 

ROBERT  PATUZZl 


{Clinical  Changes  in 
Human  Noise-Induced 
Hearing, Loss 

Following.,  noise,  exposure  In  human  be* 
,ings,  audiograms  often  show  a  characteristic 
decrease  in  sensitivity  in  the  2*  to  8  kHz  re* 
glon,  commonly  termed  a  “noise-notch" 
(Bilgcr,  1976)  (Fig.  5*1).  For  those  not  already 
familiar  with  the  physiology  of  noise-induced 
deafness,  it  is  useful  to  catalogue  the  most 
common  features  of  the  noise-notch.  These 
are: 

1.  The  hearing  loss  fs  frequency-specific, 

2.  The  loss  docs  not- always  occur  at  the 
frequency  of  the  traumatic  exposure 
(McFadden,  1986). , 

3.  Within  the  notch  the  frequency  selec¬ 
tivity  is  reduced  (Tyler. and  Tye-Mur* 
ray,  1986). 

*1,  The  ear’s  ability  to  cope  with  a  wide 
range  of  sound  intensities  is  reduced. 
This  Is  commonly  termed  “recruit* 
ment"  (McFadden  and  Plattsmier, 
1982). 

5<  There  Is  commonly  a  distorted  sense  of 
pitch  within  or  at  the  edges  of  the  !c* 
fion  termed  “diplacusis"  (McFadden 
and  Plattsmier,  1982), 

6.  In  a  normal  cochlea  there  are  intcrac* 
tions  between  the  frequency  compo¬ 
nents  of  a  complex  stimulus.  If  two 
pure  tones  arc  presented  slmulta* 
neously,  the  response  to  one  can  be  re¬ 
duced  by  the  presence  , of  the  other. 
Following  acoustic  trauma  this  “two- 
tone  suppression"  is  reduced  (Mills, 
1982;  Salvi  et  al,  1982;  Schmledt  ct  al, 
1980a, b;  Smoorenburg,  1980). 


7,  In  a  normal  cochlea,  two  pure-tonc 
stimuli  can  also  Interact  to  generate 
other  tones,  known  as  “distortion"  or 
“combination"  tones.  These  tones  arc 
clearly  audible  to  the  subject  and  can 
be  detected  in  the  external  ear  canal 
using  a  sensitive  microphone  (Wilson, 
1980,  Zurck,  1985),  Following  acous¬ 
tic  trauma,  the  distortion  tones  arc  re¬ 
duced  or  abolished  (Smoorenburg, 
1980). 

Correlates  of  Human 
Data  in  Primary  Afferent 
Responses 

These  changes  can  also  be  observed  in 
the  response  of  the  primary'  afferent  neurons 
innervating  the  cochlea.  For  example,  the  loss 
of  sensitivity  within  the  noise-notch  is  due  di¬ 
rectly  to  the  loss  of  sensitivity  of  the  neurons 
innervating  the  site  of  the  lesion  (Cody  and 
Johnstone,  .1980;  Kiang  et  al,  1986;  Uberman 
and  Mulroy,  1982;  Lonsbury-Martln  and 
Mcikie,  1978;  Robertson,  1982;  Salvbet  al, 
1982j  Schmledt  et  al,  1980).  In  Figure  5-2 A,  a 
range  of  single-fiber  frequency  tuning  curves 
(FTCs)  Is  shown,  which  was  obtained  in  ex¬ 
periments  in  a  normal  cat.  Each  of  the  curves 
is  the  equivalent  of  l  “pure-tonc  audiogram" 
for  a  single  afferent  fiber,  in  that  the  threshold 
of  neural  firing  Is  plotted  versus  the  frequency 
of  the  4  pure-tone  stimulus.  Each  curve  pos¬ 
sesses  a  sensitive  tip  region,  centered  around 
the  most  sensitive  or  characteristic  frequency 
(CF)  for  each  fiber,  and  a  relatively  Insensitive, 
low-frequency'  tail  region.  The  CF  of  each  fiber 
is  correlated  with  its  site  of  innervation  along 


45 


COCHLEAR  MECHANISMS 


t 


125  250  500  1000  2000  4000  8000 

FREQUENCY  IN  HERTZ 


Figure  5-1  A  typical  human 
audiogram, after  exposure  to 
industrial  noise.  The  reduction  In 
sensitivity  in  the  region  of  2  to  8 
kHz  is  commonly  termed  a 
“noise  notch* 
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Figure  5*2  A,  Tjplcil  frequency  threshold  curves  (FTCs)  for  single  primary  afferent  neurons  in  the  cat.  The  gross 
audiogram  (dashed  line)  Is  defined  by  the  tips  of  the  collection  of  jndividual  FTCs  ft  After  acoustic  trauma  (nar 
row  band  noise,  115  dB  SPI,  30  mlnX  *  localized  reduction  in  threshold  is  observed  similar  to  the  human  noise 
notch.  This  is  due  to  loss  of  sensitivity  at  the  FTC  tip,  (Redrawn  from  Liberman  and  Mulroy,  1982.) 


the  cochlear  length,  in  accordance  with  an  ap¬ 
proximately*  logarithmic  placc-frcqucncy  map 
(Robertson  and  Johnstone,  1979;  Liberman, 
1982).  The  gross  pure- tone  audiogram,  as 
measured  clinically*,  is  defined  by*  the  tips  of 
the  thousands  of  individual  single-fiber  FTCs 
across  the  frequency  range,  and  is  represented 
in  Figure  5-2  by  a  dashed  line.  Note  that  the 
results  of  Figure  5*2  are  essentially  in  the  for¬ 
mat  of  the  typical  pure- tone  audiogram  for  hu¬ 
man  subjects,  except  that  the  frequency*  range 
in  the  cat  is  wider  and  sound  pressure  is  in 


units  of  absolute  sound  pressure  level  (dB 
SPL)  rather  than  the  normalized  units  used 
clinically*  (dB  HL), 

After  exposure  to  a  traumatic  sound,  a 
noise-notch  can  be  produced  m  experimental 
animals  that  is  similar  to  that  seen  m  man,  as 
illustrated  in  Figure  5-2B.  In  this  case,  the 
traumatic  acoustic  stimulus  was  narrow-band 
noise  lasting  30  minutes.  The  loss  of  sensitiv¬ 
ity  in  the  notch  region  can  be  seen  to  be  due 
to  a  loss  of  the  sensitive  tip  region  around  the 
CF  of  each  FTC. 
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This  frequency-dependent  change  after 
acoustic  trauma  can  be  seen  in  more  detail  in 
Figure  5-3,  A,  which  shows  FTCs  before  and 
after  acoustic  trauma  for  a  single  afferent  neu¬ 
ron,  of  the  spiral  ganglion  in  the  high  fre¬ 
quency  region  of  the  guinea  pig  cochlea 
(Cody  and  Johnstone,  1980).  The  curves  in 
Figure  5*3i  A  are  plotted  in  the  more  'typical 
format  of  physiologic  reports,  i  e.,  upside- 
down  relative  to  the  normal  clinical  audio- 
gram  Before  acoustic  trauma,  the  FTC  pos¬ 
sessed  the  typical  sensitive  tip  region  around 
the  21 -kHz  OF,- and  a  low-frequency  tail  region 
that  was  about  75  dB  less  sensitive  than  the 
tip  After  acoustic  trauma,  in  this  case  a  15-75* 
kHz  pure- tone  exposure  at  100  dB  SPL  for  7 
minutes,  the  tip  thresholds  were  elevated  by 
about  -10  dB,  and  the  CF  changed  from  21  kHz 
before  trauma  to  1-1  kHz  after  trauma, -Tills 
drop  In  CF  is  a  typical  feature  of  noise  trauma 
(Liberman,  1981),  Notice  also  that  the  thresh¬ 
olds  in  the  low-frequency  tall  region  changed 
little.  Changes  on  the  tail  arc  normally  only 
seen  after  more  prolonged  exposures,  which 
produce  dramatic  threshold  elevation  near  CF. 
Tills  is  also  illustrated  in  Figure  5-3,  A,  After 
31  minutes  of  exposure  to  the  traumatic  stim¬ 
ulus  the  FTC  of  the  neuron  was  elevated  fur¬ 
ther  around  CF,  and  threshold  elevation  was 
also  observed  on  the  low-frequency  tail  re¬ 
gion,  In  such  cases,  it  is  difficult  to  assign  a  CF 
because  of  the  irregular  shape  of  the  FTC  This 
progressive  change  In  neural  tuning  is  typical 
of  changes  observed  after  purc-tonc  expo¬ 
sures,  although  it  is  possible  to  elevate  neural 
threshold  relatively  evenly  over  the  whole 
FTC  with  a  suitable  choice  of  traumatic  stimu¬ 
lus  (Liberman  ct  al,  1986). 

The  change  in  sharpness  or  tuning  of  the 
FTC  can  be  quantified  by  the  Q,W8  value, 
which  is  defined  as  the  CF  of  the  neuron  di¬ 
vided  by  the  width  of  the  curve  10  dll  above 
its  CF  point.  In  a  normal  cochlea,  this  ratio  can 
be  as  high  as  10,  but  following  noise-trauma  it 
can  be  reduced  to  values  below  2,  For  exam¬ 
ple,  jn  Figure  5-3,  A,  the  Q10dB  value  was  10 
before  trauma,  but  was  reduced  to  1.2  follow¬ 
ing  the  7-mlnute  exposure. 

Mechanical  Component 
of  Noise-Induced 
Hearing  Loss 

Many  of  the  response  properties  of  the 
primary  afferent  fibers  can  be  explained  by  the 
vibration  of  the  organ  of  Corti  within  ;he  co¬ 
chlea  (tatuzzi,  1986).  This  is  illustrated  in  Fig¬ 


ure'5-38,  where  isodisplacement  FTCs  for  the 
vibration  of  the  organ  of  Corti  at  a' particular 
.  location  in  the  high-frequency  region  of  the 
guinea  pig  cochlea  are  presented  (Sellick  et  al, 
1982).  Three  curves  are  shown-  the  normal 
FTC  obtained  ini  a  cochlea  with  near-normal 
neural  thresholds,  a  curve  obtained  after  gen¬ 
eral  deterioration  of  the  preparation,  and  a 
curve  obtajned.after  death.  In  the  normal  con¬ 
dition.  the  mechanical  FTC  is  highly  sensitive 
and  tuned,  which  explains  the  normal  primary 
afferent  response  (Patuzzf  and  Robertson, 
1988).  However,  after  general  deterioration  of 
the  preparation,  the  mechanical  sensitivity  is 
reduced  most  near  the  tip  region  of  the  tuning 
curve,  with  relatively  small  changes  on  the 
low-frequency  tail.  After  death  the  mechanical 
sensitivity  is  reduced  further  near  CF,  but 
again  minimal  changes  arc  seen  oh  the  low- 
frequency  tail. 

Because  these  mechanical  changes  arc 
similar  to  the  changes  in  the  neural  response 
after  loud  sound,  it  is  tempting  to  propose  that 
the  neural  changes  have  a  mechanical  origin. 
Certainly,  the  change  in  mechanical  sensitivity 
is  closely  correlated  with  elevation  of  neural 
threshold  after  general  deterioration  of  co¬ 
chlear  condition,  as  can  be  seen  in  Figure  5*3, 
C  Here,  the  sound  pressure  required  to  pro¬ 
duce  a  fixed  neural  response  (a  just-detcctable 
compound  action  potential  from  the  auditory 
nerve)  is  plotted  against  the  sound  pressure 
required  ro  produce  a  fixed  mechanical  re¬ 
sponse  (0.04  mm  per  second  vibration  of  the 
organ  of  Corti  at  CF), 

Tills  circumstantial  evidence  for  a  me¬ 
chanical  component  in  noisc-induccd  hearing 
loss  is  supported  by  other  observations.  For 
example,  it  is  known  that  the  mechanical 
properties  of  the  cochlea  influence  the  move¬ 
ment  of  the  eardrum  through  the  middle  car 
ossicles,  .thereby  modifying  the  acoustic  prop¬ 
erties  of  the  ear  canal.  If  two  pure  tones  arc 
presented  to  the  external  ear  canal,  the  dis¬ 
torted  movement  of  the  eardrum  caused  by 
the  distorted  vibration  within  the  cochlea  pro¬ 
duces  sounds  In  the  ear  canal  that  are  not 
present  in  the  original  stimulus.  Most  promi¬ 
nently,  two  tones,  at  frequencies  of  f,  and  f* 
produce  another  tone  at  a  frequency  of  2f,  - 
f2.  Known  as  the  “cubic  difference  tone*  this 
acoustic  distortion  is  reduced  following  loud 
sound  that  elevates  neural  threshold,  indicat¬ 
ing  a  change /in  the  vibration  within  the  co¬ 
chlea  (Johnstone  et  al,  1990;  Lonsbury-Martin 
et  al,  1987;  Schmiedt,  1986;  Siegel  and  Kim, 
1982),  Figure  5-3f>  shows  the  correlation  be¬ 
tween  the  reduction  in  gross  neural  sensitivity 
(compound  action  potential  threshold)  after 
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1  10  40  t  '10  40 

FREQUENCY  (kHz)  FREQUENCY  (kHz) 


NEURAL  THRESHOLD  (dBre^Pa)  NEURAL  THRESHOLD  ELEVATION  <dB) 


SOUND  PRESSURE  LEVEL  {dB  re  2tyPa)  SOUND  PRESSURE  LEVEL  (dB  re  2tyPa) 

Figure  5*3  Evidence  supporting  a  meclunlcal  component  to  noise  induced  threshold  shifts.  A,  Frequency  thresh 
old  curse  (FTC)  of  a  single  afferent  neuron  before  and  after  acoustic  trauma  (after  Cody  and  Johnstone,  1980),  ft 
FFC  for  035  nra  vibration  of  the  organ  of  Corti  before  and  after  deterioration  of  preparation  (after  Scilick  ct  al, 
1982).  C,  Correlation  between  neural  and  mechanical  sensitivity  after  general  deterioration  of  a  preparation  (after 
ScUick  et  al,  1982)  D,  Correlation  between  changes  in  neural  and  distortion  tone  sensitivities  after  acute  acoustic 
trauma  (after  Johnstone  ct  al,  1990X  E  and  F,  Examples  of  the  growth  of  vibration  of  the  organ  of  Coni  before  (•) 
and  after  (O)  acoustic  trauma  (after  SelUck  et  al,  1982,  Patuzzl  ct  al,  1984> 
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exposure  to  a  pure-tone  traumatizing  stimulus, 
and  the  change  in  the 'level  of  the  f,  and  f2 
tones  required  to  produce  a  fixed  level  of  2f,~ 
f2  distortion  tone  in  the  car  canal.  Although 
this  is  not  a  simple  measure  of  the  change  in 
organ  vibration,  these  results  do  indicate  that 
noise-induced  hearing  loss  can  be  associated 
with  changes  in  vibration  within  the  cochlea,. 

The  simplest  indication  that  vibration  L 
changed  by  acoustic  trauma  comes  from  di¬ 
rect  measurement  of  vibration  before  and  af¬ 
ter  acoustic  trauma-  Figure  5-3£  and  F show’s’ 
two  examples  of  the  increase  in  vibration  am¬ 
plitude  of  the  organ  of  Corti  with  an  increase 
in  the  intensity,  of  a  pure-tone  CF  stimulus.  As 
the  sound  pressure  is  increased,  the  vibration 
amplitude  grows,  but  not  in  proportion  with 
stimulus  amplitude.  In  particular,  the  ampli¬ 
tude  increases  by  only  about  0.5  dB  with  each 
decibel  of  increase  in  the  stimulus.  This  non¬ 
linear  growilror  “compression"  of  vibration 
amplitude  is  a  normal  feature  of  the  mechani¬ 
cal  response  of  the  organ  of  Corti  to  stimuli  iri 
the  tip  region  of  the  tuning  curve,  and  is  cru¬ 
cial  to  the  car’s  ability  to  cope  with  a  wide 
range  of  sound  Intensity,  However,  after  pro¬ 
longed,  intense  stimulation,  the  vibration  be¬ 
comes  less  Sensitive  to  low  stimulus  levels, 
but  the  sensitivity  is  relatively  unchanged  at 
high  intensities.  In  other  words,  the  growth  of 
vibration  amplitude  with  stimulus  level  1$  less 
compressive,  or  more  linear,  after  trauma.  It  is 
interesting  to  note  here  that  the  small  change 
In  vibration  amplitude  at  high  intensities  after 
trauma  argues  against  any  suggestion  that  tem¬ 
porary  threshold  shift  after  acoustic  trauma  is 
in  some  way  a  protective  mechanism  In  the 
car:  from  a  mechanical  point  of  view,  it  offers 
no  protection  at  all. 

Noise  Trauma,  Vibration, 
and  Active  Process 

The  most  widely  accepted  explanation  for 
these  observations  is  that  the  response  proper, 
ties  of  the  primary  afferent  neurons  are  deter¬ 
mined  by  the  release  of  neurotransmltter  from  - 
the  basolateral  walls  of  the  inner  hair  cells, 
and  that  the  inner  hair  cell  response  is  deter¬ 
mined  relatively  simply  by  the  vibration  of  the 
organ  of  Corti  (Patuzzi  and  Robertson,  1988). 
Complications  in  understanding  normal  co¬ 
chlear  function  arise  because  the  vibration  of 
the  organ  of  Corti  appears  to  be  assisted  in  its 
vibration  at  low  stimulus  levels,  but  not  at 
higher  levels.  It  now  seems  that  the  outer  hair 
cells  (OHCs)  of  the  organ  of  Corti  apply 


forces  in  synchrony  with  - the  vibration  that 
partially  or  wholly  cancel  the  inherent  viscous 
damping  that  wouldfotherwise  limit  sensitiv¬ 
ity,  These  forces  are  commonly -termed  “ac¬ 
tive"  forces' because  they  appear  to  require 
metabolic  energy,  and  the  physiological  pro¬ 
cess  that  generates  them  is  commonly  termed 
the  “active  process*  Its  action  in  canceling 
viscous  damping  is  also ‘referred  to  as  “nega¬ 
tive  damping."  Importantly,  the  active  process 
and  the  generation  of  these  forces  appear  to 
be  controlled  by  the  receptor  currents 
through  the  OHCs,  or  by  the  receptor  poten¬ 
tials  these  currents  produce.  In  this  sense,  the 
active  process  is  thought  to  be  “electrome¬ 
chanical”  (Ashmore,  1987;  Brownell,  1983; 
Mountain,  1986;  Santos-Sacchi  and  Dilger, 
1988). 

This  scheme  is  shown  in  Figure  5-4,  in 
which  a  sound  stimulus  produces  pressure 
fluctuations  in  the  fluids  within  the  cochlea, 
producing  vibration  of  the  organ  and  deflec¬ 
tion  of  the  hair  bundles  of  the  OHCs  and  inner 
hair  cells  (IHCs).  In  both  cell  types  this  oscil¬ 
lation  of  the  hair  bundles  opens  and  closes 
ionic  “mcchanoclcctrlcal  transduction  chan¬ 
nels"  at  the  apex  of  thc  halr  cells,  producing 
receptor  currents  through  these  cells,  and 
consequently  the  receptor  potentials  within 
them  (Holton  and  Hudspeth,  1986).  In  the 
case  of  the  IHCs,  the  intracellular  receptor  po¬ 
tential  simply  produces  release  of  ncurotrans- 
mittcr  and  neural  firing  In  contrast,  the  recep¬ 
tor  potential  within  the  OHCs  appears  to  con¬ 
trol  the  active  forces  that  assist  vibration  of 
the  organ,  increasing  mechanical  sensitivity 
near  CF.  The  major  stages  of  transduction 
have  been  numbered  In  Figure  5-4. to  simplify 
the  discussion  of  the  effects  of  acoustic  trauma 
on  the  mechanical  and  neural  responses. 

Loss  of  OHC  Receptor 
Current  Produces  Loss 
of  Vibration 

If  the  active  process  is  controlled  by  the 
receptor  currents  through  the  OHCs,  -hen  one 
obvious  explanation  for  noise  trauma  is  the  re¬ 
duction  of  these  currents  by  the  acoustic 
overstimulation  (stage  2  of  Fig.  5-4).  Tills 
would  starve  the  active  process  of  the  electri¬ 
cal  drive  that  seems  to  be  necessary  for  me¬ 
chanical  and  neural  sensitivity  near  CF.  Tills 
proposal  has  been  investigated  in  the  high-frc- 
quency  region  of  the  guinea  pig  cochlea 
(Patuzzi  et  al,  1989b),  using  the  gross  neural 
response  to  tone  bursts  as  a  measure  of  the  vi- 
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Figure  5-4  Schematic  representation  of 
the  major  stages  of  transduction  within 
the  mammalian  cochlea.  Each  numbered 
stage  is  a  possible  site  of  disruption  pro¬ 
ducing  changes  in  the  neural  response. 
As  argued  in  the  text,  the  most  vulnera 
blc  stage  of  transduction  appears  to  be 
the  productioa  of  the  high  frequency  re* 
ceptor  current  through -  the  outer  hair 
cells  (stage  2).  1HC  »  inner  hair  cell, 
OHC  ®  outer  hair  cell. 


"MOTOR  PROCESSES"  "SENSORY  PROCESSES',’ 


bration  at  CF  in  that  region  (Sellick  et  al, 
1982),  and  the  low-frequency  microphonic 
potential  in  the  extracellular  fluid  as  a  mea¬ 
sure  of  the  efficiency  with  which  OHCs  pro¬ 
duce  receptor  current  relative  to  normal. 
There  appears  to  be  a  strong  correlation  be¬ 
tween  neural  threshold  and  the  efficiency  of 
OHCs,  as  shown  in  Figure  5*5 A.  When  the 
transduction  process  producing  the  OHC  re¬ 
ceptor  currents  is  Impaired,  neural  sensitivity 
falls,  presumably  because  of  a  drop  In  mechan¬ 
ical  sensitivity  at  the  tip  of  the  FTC  (as  in  Fig. 
5-3A  and  B).  This  relationship  between- me¬ 
chanical  gain  at  CF  (relative  to  a  passive  co¬ 
chlea  >vith  no  active  process)  and  the  remain¬ 
ing  fraction  of  OHC  receptor  current,  ex¬ 
pressed  as  a  fractional  efficiency  relative  to 
normal,  OHCfflio  is  given  by  the  empirical  ex¬ 
pression  (Patuzzi  ct  al,  1989b) 

GAINT(OHCcffi€)e 

55  dJLOHWO -0850--OHW)  (1) 

Rearranging  this  expression,  we  can  write 
an  expression  for  the  hearing  loss,  HU  as 

HI^OHCrffc.) 

100  dB/(0  85  +  1/(1  —  OHCcbc))  (2) 

At  first  glance,  the  large  change  in  neural 
sensitivity  observed  for  a  relatively  small 
change  in  ttie  OHC  receptor  currents  might 
suggest  that  the  reduction  in  receptor  current 
was  not  the  causative  change.  In  fact,  this  crit 
ical  dependence  on  OHC  receptor  current  is 
precisely  the  relationship  we  would  expect  if 


the  OHCs  were  acting  to  cancel  viscosity 
(Mountain,  1986;  Neely  and  Kim,  1986; 
Patuzzi  et  al,  1989b).  Importantly,  if  the  re¬ 
duction  of  OHC  receptor  current  (stage  2  c5 
Fig.  5-4)  can  adequately  explain  the  loss  of 
sensitivity  near  CF,  tuen  by  exclusion,  other 
changes,  such  as  a  disruption  of  the  active  pro¬ 
cess  per  se  (stage  3  of  Fig.  5-4),  arc  unlikely. 

Why  does  the  OHC  receptor  current  drop 
after  acoustic  trauma?  A  number  of  observa¬ 
tions  suggcst'that  the  proteins  that  presum¬ 
ably  form  the  Ionic  channels  that  allow  the 
flow,  of  receptor  current  (Holton  and,  Huds¬ 
peth,  1986)  inactivate  into  a  closed  state.  In 
particular,  the  shape  of  the  sigmoidal  curve  re¬ 
lating  hair  bundle  angle  or  displacement  of  the 
organ  of  Corti  to  the  amount  of  receptor  cur¬ 
rent  seems  to  be  scaled  in  amplitude  following 
moderate  noise  trauma  in  a  way  consistent 
with  such  a  closure  (Fig.  5-58)  (Patuzzi  et  al, 
1989a).  Tlicrc  are  also  characteristic  changes 
in  potentials  and  potassium  levels  within  the 
organ  of  Corti,  which  are  consistent  with  this 
view  (Johnstone  ct  al,  1988;  Salt  and  Konlshi, 
1979), 

The  normally  compressive  (nonlinear) 
growth  of  organ  vibration  with  increasing 
stimulus  intensity  at  CF  (Fig,  5-3 E  and  F)  may 
also  be  explained  by  the  fact  that  the  high-fre¬ 
quency  receptor  current  through  the  OHCs 
saturates  for  relatively  large  displacements  of 
the  organ  of  Corti-  the  closure  of  the  transduc¬ 
tion  channels  may  also  account  for  the  loss  of 
compression  and  the  reduction  in  two  tone  in¬ 
teractions  after  acoustic  trauma.  Because  these 
two  aspects  of  trauma  are  fundamental  to  the 
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Figure  5-5  X  Correlation  between  fill  in  the  eSticnev  of  product**!  of  OIIC  rcctptor  current  (OHQ,^)  rcfaivc 
to  normal  and  loss  of  cochlear  amplification  at  characteristic  frequency.  Cochlear  amplification  was  estimated  using 
compound  action  potential  threshold  to  tooc  bursts.  (After  Paaizzi  KB.  Yates  CK.  Johnstone  BM  Changes  in  co¬ 
chlea r  microphonic  and  neural  sensitivity  produced  by  acoustic  trauma.  Hear  Res  1989a;  39:189-202.)  B,  Hie  sig¬ 
moidal  relationship  between  transverse  displacement  of  the  organ  of  Coni  in  the  pisaca  pig  and  receptor  current 
through  the  OHCs.  Curves  arc  derived  from  recordings  of  extracellular  microphonic  potential.  The  parameter  is 
duration  of  exposure  to  a  pure-tonc  traum  sizing  stimulus  (10  kHz,  115  dB  SPL).  After  exposure  the  relatiomfep  is 
scaled  in  a  way  consistent  with  closure  ot  mechanodectrical  transduction  channels  a*  the  apex  of  the  outer  hair 
cells. 


clinical  changes  after  noise  trauma,  it  is  north 
investigating  the  effects  of  the  progosed  chan-, 
nel  closure  in  some  detail. 


Mechanical  Growth 
Functions  at 

Characteristic  Frequency 
Before  Trauma 


Consider  the  growth  of  vibration  ampli¬ 
tude  with  the  level  of  a  CF  tone  stimulus,  be¬ 
fore  and  after  noise  trauma.  Before  trauma,  the 
sigmoidal  relationship  between  organ  dis¬ 
placement  and  OHC  receptor  current  (Fig. 
5- 50)  results  in  an  approximately  hyperbolic 
growth  of  OHC  receptor  current  amplitude 
(Fig.  5 -6/1)  (Patuzzi  ct  al,  1989b)  That  is,  if 
the  organ  of  Cortl  vibrates  sinusoidally  wifh 
an  amplitude  A,  then  the  amplitude  of  the 
OHC  receptor  current  would  be  given  by 
=  lsarA/(A  +  Aut).  Here,  Aw,  is  the  vibration 
amplitude  at  which  the  amplitude  of  the  re¬ 
ceptor  current  reaches  half  its  saturation 
value,  Jj*.  This  half-saturation  displacement  is 
estimated  to  be  about  10  tun  (Patuzzi,  1987). 
At  low  levels  of  the  stimulus,  receptor  current 
grows  approximately  linearly,  but  as  vibration 


amplitude  grows,  the  efficiency  with  which 
OHCs  produce  receptor  current  decreases 
such  that  OHCcffc.  =  /^/(A  +  A**)..  By  com¬ 
bining  this  expression  for  OHC^sc  with  equa¬ 
tion  2,  we  can  estimate  the  loss  in  mechanical 
sensitivity  as  a  function  of  vibration  amplitude, 
a;  as 

HL(A)  =  100  dB/(0  85  +  (A  +  A^)/A)  (3) 

This  drop  in  sensitivity  with  increasing  vi¬ 
bration  amplitude  is  the  normal  loss  of  me¬ 
chanical  sensitivity  at  high  sound  lev  els  that 
produces  compression  within  the  car,  and 
docs  not  correspond  to  an  acoustic  traumx 
This  result  allows  us  'o  predict  the  compres¬ 
sive  growth  function  for  vibration  in  a  normal 
car  at  CF  by  using  equation  3  to  correct  a  lin¬ 
ear  growth  function  that  had  full  amplification 
over  the  entire.*  stimulus  range,  as  shown  by 
-the  solid  line  in  Figure  5-60.  Also  shown  arc 
all  experimentally  measured  growth  functions 
presently  available  (Sellick  ct  al,  1982;  Patuzzi 
ct  al,  198-f;  Roblc?  ct  al,  1986).  It  can  be  seen 
from  this  comparison  that  the  growth  pre¬ 
dicted  using  this  simple  analysis  is  similar  to 
the  measured  mechanical  growth  functions — 
surprisingly  so,  considering  the  vastly  different 
experimental  results  that  have  been  used  in 
the  analysis. 


52 


COCHULV*  MECHANISMS 


Figure  5-6  A.  Hyperbolic  growth  o(  amplitude  of  OIIC  receptor  currcni  with  fcvd  of  a  200-Hz  purc-tonc  stimulus. 
Dai  were  obtained  from  measurements  of  extracellular  mkropbonic  in  (he  first  turn  of  the  guinea  pig  cochlea  in 
1 4  normal  preparations.  Amplitude  is  normalized  to  maximal  response  at  high  intensities,  whereas  stimulus  is  nor¬ 
malized  to  the  level  going  half  the  maximal  response:  B,  Predicted  growth  function  for  vibration  of  organ  of  Corti  in 
the  first  turn  of  the  guinea  pig  cochlea  based  on  the  hyperbolic  saturation  of  outer  hair  cell  receptor  current  and 
equation  3-  Data  points  show  experimental  growth  functions  in  the  high-frequency  regions  of  guinea  pig  and  chin¬ 
chilla  cochlea.  (After  Patuzzi  RB.  Yates  GK,  Johnstone  B'L  Changes  in  cochlear  microphonic  and  neural  sensitivity 
produced  by  acoustic  trauma.  Hear  Res  1989a;  39-189-202.) 


Mechanical  Growth 
Functions  at 

Characteristic  Frequency 
After  Trauma 

Consider,  noy',  a  traumatized  car  in  which 
the  OHC  receptor  cuncnts  arc  reduced  by  a 
fraction,  n,  but.lhc  sigmoidal  relationship  be¬ 
tween  organ  displacement  is  presence!  (Fig. 
5-5 B).  In  this  case,  the  hypcrtxJlic  growth  of 
receptor  current  (Fig  541)  would  also  be 
maintained,  but  seded  vertically  by  the  factor 
n.  As,  a  result,  the  efficiency  of  the  OHCs  in 
producing  receptor  current  would  be  OHC^ 
53  n’A^A  +  A*,,).  Substitution  of  this  ex¬ 
pression  into1  equation  2  yields  a  more  general 
expression  for  the  loss  of  mclhanical  sensitiv¬ 
ity  as  vibration  amplitude  is  increased,  which 
includes  saturation  of  OHC  current. and  clo¬ 
sure  of  channels.  That  is," 

HL(A,n)  = 

100  dB/(0  85  +  (n*(A  +  A^)/A)  (4  ) 

Some  mechanical  growth  functions  calcu¬ 
lated  on  this  basis  arc  illustrated  An  Figure 
5-7A  for  various  values  of  the  fractional  clo¬ 
sure  of  channels.  They  are  similar  to  the 
growth-  ninct'ons  observed  experimentally 
(Scliick  ct  al,  1982)  (Fig  5-3 E  and  F). 


Can  Loss  of  OHC 
Receptor  Current  Explain 
“Recruitment”? 

If  the  neural  growth  functions  became 
less  compressive  after  noise  trauma,  as  a  result 
of  the  changes  in  vibration  (Fig.  5-3E  and  F), 
then  much  of  the  clinical  phenomenon  of  "re¬ 
cruitment"  could  be  explained  toy.  closure  of 
the  transduction  channels.  Increasing  the  in¬ 
tensity  of  a  purc-tonc  stimulus  would  progres¬ 
sively  stimulate  more  and  more  neurons  as  the 
stimulus  crossed  each  neuron’s  FTC,  increas¬ 
ing  its  firing  rate  above  spontaneous  activity. 
In  a  normal  car,  with  its  extremely  snatp  FTCs 
and  its  nonlinear  growth  of  vibration  ampli¬ 
tude,  this  process  of  recruiting  nerve  fibers 
into  activity  would  occur  relatively*  slowly  as 
the  stimulus  level  was  increased  (Fig.  5-8A). 
In  an  car  that  had  .suffered  acoustic  trauma, 
however,  the  tuning  curves  would  generally 
be  broader,  and  the  growth  of  vibration  with 
stimulus  level  would  be  more  rapid,  as  de¬ 
scribed;  earlier.  As  a  result,  the  rate  at  which 
fibers  were  rccruitcd'as  stimulus  level  was  in¬ 
creased  would  be  much  greater  in  the  ,/auma* 
tized  car,  ,ind  lead  to  an  abnormally  rapid 
growth  in  perceived  loudness  of  the  stimulus 
(Fig-  5-85). 

Although  this  view  of  noise  trauma  seems 


100 


A 


0.2  2  20 

SUPPRESSOR  DISPLACEMENT  (nm) 


Figure  5-7  A,  Predicted  growth  functions  for  vibration  amplitude  in  the  first  tum  of  the  guinea  pig  based  on  cqua- 
tion  2.  Parameter  is  fraction  of  remaining  outer  hair  cell  (OHG)  transduction  channels.  (After  Patuzzi  RB,  Yates  GK, 
Johnstone  B.M  Changes  in  cochlear  rnicrophomc  and  neural  sensitivity  produced  by  acoustic  trauma,  Hear  Res 
1989a,  391 89-202.)  B,  Prediacd  sanation  of  heartng  loss  (drop  in  cochlear  gain  at  characteristic  frequency)  with 
amplitude  of  low-frequency  suppressor  tone  vibration.  Parameter  is  fraction  of  remaining  OHC  transduction  chan¬ 
nels. 


internally  consistent,  until  recently  therc-has 
been  little  experimental  evidence  that  the 
growth  rate  for  firing  of  the  afferent  neurons  is 
significantly  altered  by  noise  trauma  (Liber¬ 
man,  1981;  Schmiedt  ct  al,  1980a,b).  This  is 
somewhat  odd:  it  would  seem  inescapable  that 
suclT  changes  should  occur  if  the  mechanical 
stimulus  to  the  IHCs  and  neurons  changed  so 
dramatically.  However,  more  recent  reports 
indicate  that  the  variation  in  the  shape  of  nor* 
mal  neural  rate-intensity  functions  is  greater 
than  was  previously  thought  (Sachs  et  al, 
-1989;  Winter  et  al,  1990;  Yates  ct  al,  1990), 
suggesting  that  previous  reports  may  have 
missed  the  more  subtle  changes  in  neural  rate- 
intensity  functions.  Briefly,  variations  in  the 
properties  of  the  IHCs  or  afferent  synapses 
or  both  probably  result  in  different  neurons 
with  similar  CFs  being  stimulated  over  a  dif¬ 
ferent  range  of  organ  displacement.  Because 
the  growth  of  vibration  at  CF  is  nonlinear, 
the  resultant  rate-intensity  function  for  these 
neurons  has  a  different  shape  (Fig.  5-8A). 
After  trauma,  however,  when  the  growth 
function  for  vibration  becomes  less  sensitive 
and  linear,  the  neural  growth  functioas  should 
ill  converge  :o  a  similar  sigmoidal  shape 
(Fig*  5  80). 

Given  these  complications,  it  now  seems 
likely  that  the  absence  of  a  reported  change  in 
the  neural  rate-intensity  functions  with  acous* 
p'c  trauma  is  due  to  tlic  limited  dynamic  range 
Of  the  primary  afferent  neurons,  the  initial  lin¬ 
ear  portion  of  the  vibration  growth  function  at 


-CF,  and  other  experimental  complications 
(possibly  microelectro'Jc  characteristics).  Fu¬ 
ture  investigations  of  neural  rate-intensity 
functions  before  and  after  noise  trauma  may 
find  changes  consistent  with  the  changes  al¬ 
ready  observed  in  orpin  vibration,  and  may 
produce  a  simple  explanation  based  on  the 
broadening  of  FTCs  and  less  compressive 
growth  of  a  CF  stimulus. 

Two-Tone  Suppression 
Before  and  After 
Noise  Trauma 

Suppression  by  a  Tone 
Below  CF 

At  least  some  of  the  reduction  in  two-tone 
interactions  after  cochlear  trauma  (Salvi  ct  al, 
1982;  Schmiedt  ct  al,  1980,  Robertson,  1976, 
1981 ),  notably  two-tone  suppression,  may  also 
be  explained  by  x  reduction  in  OHC  receptor 
current.  First,  nonlinearity  in  the  active  pro¬ 
cess,  whether  it  is  in  the  current  drive  to  the 
process,  or  the  force  generation  stage  per  sc, 
would  result  in  “intcrmodulation  distortion” 
when  more  than  one  pure-tonc  stimulus  was 
presented  simultaneously.  Essentially,  the 
presence  of  a  second,  “suppressor"  tone  inter¬ 
feres  with,  or  “jams,"  the  high-frequency  re¬ 
ceptor  current  necessary  to  drive  the  active 
process  that  assists  vibration  at  CF.  As  already 
described,  only  a  small  reduction  in  the  effi- 
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Figure  5*8  A,  Depending  on  the  sensitivity  of  2  particular  IHOafferent  synapse  combination,  the  nonlinear  growth 
of  organ  \ibration  at  characteristic  frequency  can  produce  neural  rate  intensity  functions  with  different  shapes.  If 
the  combination  is  very  sensitive,  the  neural  rate  intensity  function  may  only  reflect  the  initial  linear  portion  of  the 
mechanical  growth  function  Comersely,  a  less  sensitive  hair  cell-synapse  combination  may  only  reflect  the  highly 
nonlinear  part  of  the  mechanical  growth  function,  producing  a  sloping  rate  intensity  curve.  B,  After  trauma,  when 
the  mcclunical  growth  function  becomes  less  sensitive  and  linear  (Fig  5*3,  E  and  all  the  ratc-intensit)  functions 
for  the  hair  cell-synapse  combinations  should  change,  and  converge  to  the  more  commonly  reported  sigmoidal 
growth  function. 
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ciency  of  receptor  current  generation  would 
reduce  the  gain  of  the  cochlea  significantly  for 
frequencies  near  the  tip  of  the  tuning  curve, 
This  effect  is  most  easily  understood  when  the 
stimulus  or  probe  tone  is  presented  at  the  CF 
of  a  neuron,  while  the  suppressor  tone  is  pre¬ 
sented  at  a  frequency',  on  the  low-frequency' 
tail  Because,  vibration  of  the  organ  of  COrtt  at 
tail  frequencies  is' not  significantly  influenced 
by  the  active,  process,  neither  noise  trauma 
nor  nonKnear  interactions  would  significantly 
affect  the  vibration  produced  by  the  low-fre¬ 
quency  suppressor.  The  influence  of  a  low-fre¬ 
quency’  suppressor  on  the  response  to  a  CF 
tone,  however,  would  be  profound.  When  the 
active  process  is  intact,- mechanical  and  neural 
sensitivity  at  CF  is  high,  and  even  a  small' 
change  In  the  efficiency  with  which  the  OHCs 
generate  negative  damping  forces  would 
greatly  reduce  sensitivity  at  CF. 

The  influence  of  this  interference  in  re¬ 
ducing  the  efficiency  of  OHCs  in  producing 
receptor  current  can  be  estimated  from  the 
shape  of  the  OHC  transfer  curve  (Engcbretson 
and  Eldrcge,  1968;  Patuzzl  et  al,  1989b)  (Fig. 
5*5 B),  This  is  also  the  case  after  acoustic 
trauma  when  only  a  fraction,  n,  of  the  trans¬ 
duction  channels  remain  operative,  and  the 
transfer  curve  (Fig  5-5 0)  is  sealed  vertically 
by  the  same  fraction.  Using  equation  4,  we  can 
estimate  the  reduction  in  active  amplification 
at  CF  produced  by  a  suppressor  tone,  before 
and  after  trauma.  Figure  5*7 D  shows  the  loss  of 
sensitivity  at  CF  that  would  be  predicted  over 
a  range  of  amplitude  of  suppressor  tone  vibra¬ 
tion  and  channel  closure.  Notice  that  for  small 
suppressor  amplitudes  the  suppression  curves 
start  from  different  hearing  losses,  as  a  result 
of  the  hearing  loss  induced  by  channel  clo¬ 
sure,  but  that  for  high  suppression  amplitudes 
they  all  converge  to  the  same  loss  (close  to  55 
dB).  In  essence,  disruption  of  the  active  pro¬ 
cess,  whether  by  channel  closure  or  nonlinear 
Interference  of  receptor  current  by  a  suppres¬ 
sor  tone,  cannot  produce  more  than  a  total 
loss  of  active  assistance.  As  hearing  is  lost 
through  channel  closure,  the  amount  of  sup¬ 
pression  that  can  be  produced  is  reduced,  and 
the  suppressor  vibration  required  to  produce 
a  fixed  amount  of  suppression  increases.  This 
is  consistent  with  the  clinical  and  experimen¬ 
tal  observations  that  two-tone  interactions 
such  as  suppression  are  reduced  after  noise 
trauma.  This  is  not  to  say  that  two-tone  sup¬ 
pression  cannot  occur  in  a  traumatized  co¬ 
chlea.  There  are  clearly  other  nonlinearitics  in 
the  transduction  chain  that  produce  suppres¬ 
sion  in  a  traumatized  cochlea  (Geisler  and 
Greenberg,  1986). 


Suppression  by  a' Tone  Above 
Characteristic  Frequency 

If  two-tone  suppression  /s  due  to  a  reduc¬ 
tion  in  the  OHC  receptor  current  at  CF  caused 
by  the  suppressor  tone,  how  can  we  explain 
the  classic  observation  that  a  tone  above  CF, 
which  produces  no  vibration  at  the  CF  site 
(Sellick  et  al;  1982),  can  produce  suppression 
(Sachs  and  Kiang,  1968)?  Conversely,  how  can 
such  two-tone  suppression  be  abolished  if  sen¬ 
sitivity  and  tuning  remain  (Robertson  and 
Johnstone,  1981)?  The  easiest  explanation  for 
these  apparent  anomalies  is  that  the  vibration 
of  the  organ  of  Corti  at  the  peak  of  the  travel¬ 
ing  wave  does  not  rely  on  the  action  of  OHCs 
at  that  site,  but  on  OHCs  slightly  more  basal- 
ward,  towards  the  stapes  (de  Boer,  1983;  Geis¬ 
ler  et  al,  1990).  This  peculiar  aspect  of  two- 
tone  suppression  emphasizes  that  the  pro¬ 
cesses  within  the  cochlea  that  produce  sensi¬ 
tivity,  tuning,  and  two-tone  interactions  are 
not  simple  point-processes,  but  are  probably 
distributed  along  the  cochlear  length. 

Threshold  Changes  on  the 
Low-Frequency  Tail  of  the 
Frequency  Threshold 
Curve  (FTC) 

As  already  mentioned,  neural  sensitivity 
on  the  low-frequency  tail  portion  of  the  FTC 
c??*  be  reduced  following  intense,  prolonged 
stimulation  (Fig.  5-3A)  Such  changes  on  the 
tail  are  most  likely  due  to  disruption  of  the 
IHCs,  synaptic  mechanisms  that  detect  organ 
vibration  (stage  4  or  5  of  Fig.  5-4),  or  both,  or 
to  changes  in  the  passive  mechanical  proper¬ 
ties  of  the  organ  of  Corti,  unrelated  to  the  ac¬ 
tive  process  (stage  1  of  Fig.  5-4)  (Zwislocki, 
1982;  Neely  and  Kim,  1986;  Liberman  and 
Dodds,  1984).  Because  mechanical  sensitivity 
for*  tail  frequencies  seems  relatively  robust 
(Fig.  5-3 0),  it  seems  unlikely  that  the  early 
changes  on  the  tail  can  be  explained  by 
changes  in  the  passive  mechanical  properties 
Moreover,  in  some  cases  neural  sensitivity  on 
the  tail  can  actually  improve  following  over- 
stimulation  (Liberman  and  Dodds,  1984),  It 
has  been  suggested  that  this  tail  hypersensitiv¬ 
ity  may  be  related  to  an  increased  vibration  of 
the  organ  of  Corti  at  these  frequencies,  due  to 
a  reduced  stiffness  of  the  OHC  stcreodha 
(Liberman  and  Dodds,  1984;  Neely  and  Kim, 
1986).  A  drop  in  the  stiffness  of  the  stereociha 
has  been  observed  in  extirpated  cochleas 
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overstimulated  in  vitro  (Saunders  and  Flock, 
1986),  but  it  is  not  yet  clear  how  these  results 
relate  to  the  disruptive  processes  in  vivo.  Sim¬ 
ilarly,  although  it  is  also  known  that  the  high- 
frequency  neurons  of  the  guinea  pig  cochlea 
change  their  response  to  very  low  frequency' 
tones  in  a  complicated  way  after  acute  acous¬ 
tic  trauma  (Patuzzi  and  Sellick,  1983),  it  is  not 
clear  how  these  changes  relate  to 'the  normal 
function  at  more  physiologic  frequencies. 

If  disruption  of  the  OHC  hair  bundles  re¬ 
duces  stiffness  of  the  organ  of  Corti  and  actu¬ 
ally  increases  vibration,  what  elevates  the  low- 
frequency  tail?  The  simplest  explanations 
would  be  disruption  of  the  detection  of  organ 
vibation  by  the  IHCs,  disruption  of  transmitter 
release  and  action  potential  initiation  in  the  af¬ 
ferent  neurons  (stages  4  and  5  of  Fig.  5 -4),  or 
both.  Although  disruption  of  the  afferent  den¬ 
drites  has  been  observed  (Spocndhn,  1976; 
Um  ct  a!,  1982;  Huntcr-Duvat  ct  al,  1982; 
Robertson,  1983),  postsynaptic  disruption  -  is 
unlikely  to  be  the  prime  origin  of  temporary 
threshold  elevation  following  noise  trauma. 
Animals  exposed  to  traumatic  stimuli  while 
the  synapse  was  blocked  pharmacologically 
suffer  the  same  hearing  loss  as  those  without 
this  block  (Puel  et  al,  1988)  Threshold  eleva¬ 
tion  on  the  tail  of  the  FTC  wrould  therefore 
seem  to  be  due,  to  cither  disruption  of  trans¬ 
mitter  release  or  changes  in  the  mcchanoclec- 
trical  transduction  in  the  IHCs  (Cody  and  Rus¬ 
sell,  1985,  1988).  Neither  disruption  has  been 
fully  investigated, 

Additivity  of 
Noise-Induced  Hearing 
Loss — “Motor  Processes” 
and  “Sensory  Processes” 

The  analysis  of  noise-induced  hearing  loss 
presented  here  suggests  a  way  of  approaching 
another  fundamental  issue  in  noise  trauma: 
How*  do  sensorineural  hearing  losses  add?  and 
Is  an  ear  that  is  already  damaged  by  noise 
more  (or  less)  susceptible  to  further  damage? 
We  can  limit  our  attention  Initially  to  only 
those  hearing  losses  that  reduce  the  OHC  re¬ 
ceptor  current,  cither  by  reducing  the  biolog¬ 
ical  voltages  that  drive  the  current  (e.g.,  by  an¬ 
oxia  and  various  ototoxic  drugs),  or  by  block¬ 
ing  the  transduction  channels  (e.g.,  by  acous¬ 
tic  trauma  or- drugs).  Furthermore,  we  can 
make  the  simplify  ing  assumption  that  the  frac¬ 
tional  loss  of  current  produced  by  one  trauma 


is  unchanged  by  the  occurrence  of  a  prior 
trauma.  In  such  a  case,  the  fraction  of  remain¬ 
ing  receptor  current  after  two  successive  trau¬ 
mas  would  be  the  product'of  the  fractions  re¬ 
maining  after  each  trauma  alone.  That  is,  if  one 
trauma  on  its  own  left  only  the  fraction  n,  of 
OHC  receptor  current  remaining  and  pro¬ 
duced  the  hearing  loss  HI,  (calculated  from 
equation  2),  and  .another  trauma  on  its  own 
left. only  the  fraction  n2  of  current,  producing 
the  hearing  loss  HL,,  then  the  total  residual 
current  if  both  traumas  w’crc  combined  would 
be  n,-n*  By  substituting  this  fractional  recep¬ 
tor  current  into  equation  2  we  can  predict  the 
hearing  loss,  Hl,ot,  expected  when  both  trau¬ 
mas  are  combined.  This  addition  of  such  hear¬ 
ing  losses  is  summarized  graphically  in  Figure 
5-9.  The  contours,  of  the  total  hearing  loss, 
HL,ot,  havc  been  generated  using  equation  2, 
so  that  the  combined  loss  can  be  estimated 
graphically.  An  important  point  to  note  is  that 
the  hearing  losses  do  not  add  arithmetically 
(in  decibel  or  linear  units);  rather,  the  hearing 
loss  saturates  at  55  dB,  when  all  active  assis¬ 
tance  to  vibration  is  abolished.  As  an  example, 
a  noise  exposure  that  produced  a  50%  closure 
of  channels  would  produce  a  35-dB  hearing 
loss.  If  presented  again  it  may- produce  a  fur¬ 
ther  50  percent  reduction  in  operative  chan¬ 
nels,  to  give  a  total  of  25  percent  remaining. 
Simplistically  it  might  be  expected  that  the  to¬ 
tal  loss  would  be  70  dB  =  35  dB  4*  35  dB; 
however,  the  loss  predicted  on  the  basis  of 
equation  2  would  be  46  dB.  Such  a  loss  due  to 
a  drop  in  OHC  receptor  current  and  loss  of  vi¬ 
bration  at  CF  might  usefully  be  termed  a  “mo¬ 
tor  loss." 

The  fact  that  noise-induced  hearing  losses 
can  be  greater  than  55  dB  (the  maximum  loss 
due  to  total  abolition  of  the  active  process)  is 
presumably  due  to  impairment  of  IHC  and 
neural  function.  As  already  described,  any 
such  loss  that  was  not  associated  with  a  loss  of 
OHC  receptor  current  would  not  add  in  the 
manner  predicted  by  equation  2.  For  example, 
decibel  hearing  losses  that  were  associated 
with  tlie  IHCs  or  neurons  or  both  would  prob¬ 
ably  add  arithmetically  to  the  loss  predicted 
on  the  basis  of  Figure  5*9.  These  losses  could 
presumably  be  recognized  by  the  changes 
they*  produced  on  the  low-frequency*  tail  of 
the  FTC  (Liberman  and  Dodds,  1984;  Siegel 
and  Relkin,  1987).  Such  losses  might  usefully 
be  termed  “sensory  losses"  As  an  example, 
imagine  that  the  noise  trauma  described  previ¬ 
ously  also  produced  a  90  percent  reduction  in 
the  efficiency  of  synaptic  transmission  at  the 
eighth  nerve  synapse,  producing  on  its  own  a 
20  dB  drop  in  neural  sensitivity  across  the 
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Figure  5-9  Iso-loss  contours  showing  total  loss  of  co¬ 
chlear  sensitivity  at  characteristic  frequency  predicted 
on  the  basis  of  equation  2  when  two  traumatic  influ¬ 
ences,  each  producing  hearing  losses  of  hearing  loss  1 
and  hearing  loss  2  separately,  arc  combined  within  the 
one  cochlea. 


HEARING  LOSS  1  (dB) 


whole  FTC,  including  a  20  dB  elevation  of 
threshold  on  the  FTC  tail.  We  would  then  ex¬ 
pect  a  total  loss  of  66  dB  equal  to  the  sum  of 
the  loss  of  active  gain  (motor  loss  »  46  dB) 
anti  the  synaptic  component  (sensory'  loss  » 
20  dB).  This  issue  of  additivity  of  sensorineu¬ 
ral  loss,  and  noise  trauma  in  particular,  is  of 
obvious  importance  on  epidemiologic,  ex¬ 
perimental,  and  medicolegal  grounds.  Prelimi¬ 
nary’  experiments  Indicate  that  the  model  for 
addition  presented  here  is  adequate  to  predict 
the  total  hearing  loss  after  many  combined  co¬ 
chlear  lesions  (Patuzzi  and  Rajan,  1990). 

Finally,  it  should  be  pointed  out  that  the 
arguments  and  analysis  presented  in  this  chap¬ 
ter  have  been  based  on  findings  in  the  high- 
frequency  regions  of  the  guinea  pig  cochlea.  It 
appears  that  the  role  of  the  active  process  in 
the  low-frequency  regions  of  the  cochlea  is 
less  pronounced  (Patuzzi  and  Robertson, 
1988),  and  that  changes  in  neural  responses  in 
these  regions  are  more  likely  to  be  due  to  dis¬ 
ruptions  of  transduction  stages  other  than  the 
OHC  receptor  current  or  the  active  force  gen¬ 
eration  process  (stages  2  and  3  of  Fig.  5-4). 
Tlic  changes  in  transduction  In  the  low-fre¬ 
quency  regions  arc  therefore  likely  to  be  simi¬ 
lar  to  those  changes  producing  threshold  ele¬ 
vation  on  the  tall  of  the  FTC  in  high-frequency 
regions  (stages  1, 4,  and  5  of  Fig.  5-4),  It  must 
also  be  stressed  that  the  changes  described 
here  are  mostly  associated  with  acute  acoustic 
trauma,  and  are  likely  to  represent  the  first 
stages  of  noise-induced  hearing- loss.  Apart 
from  the  obvious  difference  of  actual  loss  of 
neurons  and  hair  cells  in  chronic  noise 
trauma,  it  seems  likely  that  many  of  the 
changes  discussed  would  also  occur  after 
chronic  noise  exposure. 


Effets  du  Bruit  sur  ies 
Reponses  du  Nerf  Auditif 

La  r£ponse  du  nerf  auditif  &  des  stimula¬ 
tions  acoustiques  est  le  r&ultat  d’unc  s6rie 
complexc  de  processus  slegcant  dans  la  co« 
chlec.  Dans  cettc  presentation,  differents  types 
d'alt Oration  de  la  reponse  ncrvcusc  induits  par 
des  bruits  scront  passes  eri  revue  et  discuss 
cn  fonction  des  connaissances  actucllcs  sur  la 
physiologic  cochWralre.  Lcs  sujets  abord£s  in- 
cluront  le  decalage  d’unc  dcml-octavc,  la 
pertc  de  sensibility  la  selectivity  frlqucntielle 
ct  l’intcraction  de  deux  sons  dans  la  reponse 
neuronalc  alnsl  que  Torigine  du  recrutcmcnt 
ct  de  la  diplacousic  aprfcs  un  traumatisme  so- 
nore,  Ces  modifications  scront  discuses  cn 
tcrmeS  d’altcration  des  cellules  cilices  et  des 
processus  synaptiques.  L’additivit6  de  r£16va> 
tlon  de  scuil  sera  Igalcment  discutle. 
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There  is  now  considerable  evidence  of  dif¬ 
ferences  between  the  apical  and  (lie  basal 
turns  of  the  cochlea,  Much  of  this  difference 
seems  to  relate  to  differences  in  outer  hair 
cells  (OHCs).  One  conspicuous  difference  is 
in  the  size  of  OHCs  and  their  stereocilia  in 
basal  and  apical  turns.  There  arc  also  many 
other  important  differences,  such  as  that  of 
medial  efferent  innervation:  basal  turn  OHCs 
receive  a  much  greater  cholinergic  Input,  and 
apical  turns  receive  a  much  greater  gamma* 
aminobutyric  acid  (GABA)  immunorcactivc 
input  (Altschuler  and  Fex,  1986).  Apical  turn 
OHCs  receive  a  much  greater  afferent  input 
(Spoendlin,  1969,  1979),  svhich  may  have  dif¬ 
ferent  characteristics  than  the  afferent  input  at 
the  base,  based  on  reaction  to  kainlc  acid  (Pu¬ 
jol  ct  al,  1985).  There  are  also  developmental 
differences:  basal  OHCs  mature  first  and  per* 
haps  reach  a  higher  degree  of  differentiation 
(Pujoi  et  al,  1980).  In  the  guinea  pig  there  are 
differences  in  cytoskeletal  organization,  with 
OHCs  of  apical  turns  having  a  greater  infracu- 
ticular  network  of  actin  (Thome  et  al,  1987). 
They  also  have. more  rows  of  subsurface  cis* 
ternae  along  their  lateral  wall  (unpublished 
observations),  32P  labeling  of  phosphoinosl* 
tides  is  significantly  higher  in  the  apex  than  in 
the  base  of  the  guinea  pig  cochlea  (Niedzielski 
and  Schacht,  1990).  There  are  also  differences 
between  base  and  apex  in  sensitivity  to  oto¬ 
toxic  agents;  basal  OHCs  are  generally  more 
likely  to  be  lost  following  ototoxic  insults 


(Hawkins,  1976).  Major  physiologic  differ¬ 
ences  In  response  properties  are  seen  in  DC 
responses  between  OHCs  of  basal  and  apical 
turns.  OHCs  in  the  basal  turn  of  the  guinea  pig 
cochlea  do  not  show  significant  DC  receptor 
potentials  to  high-frequency  stimulation  (less 
than  90  dB  SPL)  appropriate  for  this  region  of 
the  cochlea  (Cody  and  Russell,  1987).  In  con¬ 
trast,  OHCs  from  more-apical  regions  (third 
turn)  show  DC  receptor  potentials  at  low 
sound  levels  and  low  frequencies  (Dallos, 
1985), 

In  addition,  there  are  several  differences 
in  the  frequency’  turning  curves  (FTCs)  be¬ 
tween  auditory’  nerve  fibers  innervating  the 
basal  and  apical  turns  of  the  cochlea.  Hlgh- 
charactcristlc  frequency  (CF)  fibers  are  more 
sharply  tuned  (higher  Q1(Wb  values)  than 
low-CF  (less  than  1.0  kHz)  fibers,  High  CF  fi¬ 
bers  show  •'tail"  regions  on  the  low-frequency 
side  of  the  FTC,  whereas  tail  regions  are  seen 
on  the  high-frequency  side  of  the  FTC  for  fi¬ 
bers  with  CFs  below  1.0  kHz  (Kiang  et  al, 
1965;  Uberman  and  Kiang,  1978). 

Differences  of  the  Base 
and  Apex  in  Processing 

In  light  of  these  differences  between  the 
basal  and  apical  turns  of  the  cochlea,  it  is  not 
surprising  that  there  are  differences  in  the 
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processing  of  auditory  signals  between  the 
apex  and  the  base  (Schuknecht  and  Neff, 
1952;  Clark  and  Bohne,  1986,  Smith  et  al, 
1987;  Prosen  et  al,  1990).  These  studies  sug¬ 
gest  that  there  is  a  redundancy  of  encoding 
mechanisms  in  the  mammalian  cochlea  for 
low-frequency  signals,  so  that  the  loss  of  apical 
hair  cells  has  less  effect  on  hearing  than  the 
loss  of  an  equivalent  number  of  basal  hair 
cells  Figures  6-1  through  6-3  illustrate  this 
point.  The  upper  half  of  Figure  6-1  depicts  the 
cytocochleogram  of  a  guinea  pig  treated  with 
200  mg  per  kilogram  per  day  of  kanamycin  for 
23  days;  the  lower  half  of  this  figure  shows  the 
resulting  behaviorally  assessed  hearing,  loss. 
Thresholds  at  the  high  frequencies  shifted  by 
•fO  to  60  dB  correspond  to  complete  OHC  loss 
and  (partial  inner  hair  cell  (IHC)  loss  in  the 
base  of  the  cochlea.  A  number  of  researchers 
(Ryan  and  Dallos,  1975;  Hawkins  et  al,  1977; 
Prosen  et  al,  1978;  Stebbins  ct  al,  1987)  con¬ 
cur  that  substantial  basal  OHC  loss  is  com¬ 
monly  accompanied  by  a  -ft)  to  60  dB  high-fre- 
qucncy  hearing  loss.  *» 

In  contrast  to  these  basal  hair  cell  loss 
data,  when  damage  is  restricted  to  the  apex  of 
the  cochlea,  little  hearing  loss  is  noted  In  any 


frequency  region.  Figure  6-2  depicts  histo¬ 
pathologic  and  psychophysical  data  •'from  a 
guinea  pig  exposed  to  a  0.25-kHz  octave  band 
of  noise.  Although  most  of  the  OHCs  were  de¬ 
stroyed  in  the  apical  20  percent  of  the  co¬ 
chlea,  no  substantial  threshold  shift  was  re¬ 
ported  at  any  frequency.  The  effects  of  a  more 
substantial  apical  hair  cell  loss  on  hearing  are 
seen  in  Figure  6-3.  The  upper  half  of  this  fig- 
urc  displays  the  cytocochleogram  from  a  chin¬ 
chilla  whose  apical  hair  cells  were  destroyed 
with  a  hquid-nitrogen-cooled  cryoprobc;  the 
filled  circles  In  the  lower  half  of  this  figure 
show-  the  corresponding  hearing  loss  deter¬ 
mined  for  this  chinchilla.  Complete  destruc¬ 
tion  of  receptor  cells  in  the  apical  cochlea 
caused  threshold  shifts  of  20  dB  or  less.  This 
again  illustrates  that  nearly  normal  absolute 
hearing  may  occur  despite  substantial  apical 
receptor  cell  destruction. 

A  masking  experiment  was  conducted  to 
check  if,  in  the  absence  of  apical  hair  cells, 
basal  hair  cells  can  be  responsible  for  the 
remaining  low-frequency  sensitivity  (Fig,  6-3). 
Open  circles  in  the  lower  half  of  Figure  6-3 
depict  threshold  shift  data  from  a  cryo- 
lesioned  chinchilla  measured  in  the  presence 


Figure  6-1  Cytocochleogram  (top) 
of  haJr  cell  toss,  and  behaviorally 
determined  auditory  threshold  shift 
function  (bottom)  from  a 
Larum>cin  deafened  guinea  pig. 
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Figure  6-2  Cj  tocochleogram  (top)  of  hair 
cell  loss,  ami  bchaviorally  determined  audl* 
tory  threshold  shift  function  (bottom)  from 
a  guinea  pig  exposed  to  a  0  25  KHz  OBN  at 
115  dB  SPI,  22  hours  per  day  for  7  days. 


Figure  6*3  Cjtocochlcogram(top) 
of  hair  cell  loss,  and  bchavlorally 
determined  auditor)'  threshold  shift 
function  (bottom)  from  a  chinchilla 
with  a  lesion  caused  by  a  cryoprobe 
applied  to  the  apex  of  the  bony  wall 
of  the  cochlea 
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of  a  high  pass  noise  masker  (710-Hz  cutoff). 
In  both  normal  and  damaged  ears,  a  high  pass 
masker  should  increase  the  thresholds  of  fre¬ 
quencies  within  the  pass  band.  However,  in 
ears  with  apical  hair  cell  destruction,  if  more 
basally-located  cells  detect  low-frequency  sig¬ 
nals,  thresholds  for  the  low  frequencies  also 
should  be  elevated  in  the  presence  of  the 
masker.  Data  in  Figure  6-3  suggest  that  mid* 
or  basal-turn  fibers  detect  low-frequency*  stim* 
ull  when  all  apical  cells  have  been  destroyed: 
in  the  presence  of  the  high-pass  masker, 
thresholds  at  all  frequencies  were  elevated.  In 
summary  these  data  suggest  that  multiple 
mechanisms  exist  for  detecting  the  low- 
frequency'  stimuli  but  not  the  high  frequency 
stimuli. 

Thus,  there  is  evidence  that  high-fre¬ 
quency  and  low-frequency*  stimulations  of  the 
cochlea  are  processed  differently.  One  might 
therefore  expect  that  overstimulation  might 
have  different  effects  at  different  frequencies, 
Bohnc  ct  al  (1985)  and  Clark  et  al  (1986) 
have,  in  fact,  suggested  differences  In  the  pat¬ 
terns  of  hair  cell  loss  after  high-frequency  ver¬ 
sus  low-frcqucncy  noise  exposure.  This  might 
be  due  to  ( 1 )  the  different  type  of  sound  wave 
formed  on  the  basilar  membrane  by  high  fre¬ 
quencies  versus  low  frequencies;  (2)  the  fact 
that  hair  cells  of  different  rows  and  turns  have 
different  sensitivities  to  noise  overstimulation; 
or  (3)  both  of  the  abo\c. 

We  compared  the  effects  of  high*  and  low- 
frequency  acoustic  overstimulation.  Guinea 
pigs  were  exposed  to  either  a  0.5-MIzor  a  4.0* 
kHz  octave  band  noise  of  117  dB  SPU  14 
hours  per  day  for  10  days.  Wc  chose  117  dB 
SPL  because,  In  guinea  pigs,  there  appears  to 
be  a  considerable  increase  in  effect  at  this  in¬ 
tensity  over  1 12  db  SPL  (Proscn  ct  al,  1990). 
Auditory  brain  stem  responses  (ABRs)  were 
measured  prior  to  the  first  noise  exposure,  af¬ 
ter  5  days,  and  at  the  end  of  the  last  exposure 
session.  Several  animals  from  each  group  were 
immediately  sacrificed,  whereas  others  sur¬ 
vived  for  an  additional  week  (without  sound 
stimulation)  and  then  were  tested  for  ABRs 
and  sacrificed.  Animals  were  perfused  system!* 
cally  followed  by  local  intrascalar  fixation.  Co¬ 
chleae  fixed  with  3  percent  paraformaldehyde 
were  processed  for  molecular  analysis  using 
antibodies  or  probes  to  actin,  intermediate  fil¬ 
aments,  and  other  cytoskeletal  components. 
Cochleae  fixed  with  3  percent  glutaraldchyde 
and  2  percent  paraformaldehyde  followed  by 
osmium  and  hafnium  chloride  postfixation 
were  processed  for  cytocochleogranis  and  ul- 
trastructurai  analysis. 


Auditory  Brain  Stem 
Response 

Threshold  shifts  derived  from  auditory 
brain  stem  response  (ABR)  measurements  for 
500-Hz  and  4-kHz  exposures  are  shown  in  Fig¬ 
ure  6-4.  Overstimulation  of  500  Hz  caused  a 
20-dB  or  greater,  threshold  shift  at  all  frequen¬ 
cies  tested.  The  mildest  shift  (25  to -35  dB) 
was  at  2  0  kHz,  whereas  the  largest  was  20  to 
70  dB,  at  16  0  kHz.  With  the  4.0-kHz  overstim¬ 
ulation,  threshold  shifts  were  generally,  greater 
at  all  frequencies,  compared  to  the  500-Hz  ex¬ 
posure.  Threshold  shifts  of  20  to  60  dB  at  2  0 
kHz,  30  to  70  dB  at  4  kHz,  50  to  90  dB  at  8.0 
and  16.0  kHz,  and  40;to  50  dB  at  300  kHz 
were  measured. 

Outer  Hair  Cell 

Histochcmically  processed  surface  prepa¬ 
rations  proved  useful  for  counting  damaged 
hair  cells.  Detection  of  early  changes  in  cy- 
toskcletal  and  junctional  proteins  provided  a 
sensitive  measure  for  damage  diring  early 
stages  of  hair  cell  degeneration. 

Exposure  of  500  Hz 

The  pattern  of  hair  cell  loss  with  500-Hz 
overstimulation  is  seen  in  the  top  half  of  Fig¬ 
ure  6-5.  The  most  extensive  (and  consistent) 
OHC  loss  was  observed  in  the  third  turn,  Loss 
ranged  from  a  low  of  25  percent  at  either  end 
to  almost  50  percent  through  the  middle  two- 
thirds,  Tile  surrounding  fourth  and  second 
turn  regions  showed  more  variability.  Apical 
turn  loss  of  OHCs  averaged  30  percent  in 
most  animals.  There  was  little  difference  in 
the  extent  of  damage  between  OHC  rows.  The 
higher-frequency  turns  (second,  first,  and 
hook)  had  minimal  OHC  loss.  The  shapes  of 
OHC  bodies  appeared  distorted  in  areas  sur¬ 
rounding  OHC  loss. 

Exposure  of  4  kHz 

The  pattern  of  OHC  loss  from  the  4-kHz 
exposure  is  seen  in  the  lower  half  of  Figure 
6-5.  Loss  of  OHCs  was  most  extensive  in  the 
second  turn  and  upper  basal  turn  regions.  Of¬ 
ten  a  region  of  20  percent  loss  would  abruptly 
turn  into  a  region  of  100  percent  loss  within 
0  24  mm  and  then  return  to  the  less  disturbed 
pattern  again.  There  was  little  difference  be- 
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4.0  kHz  OBN  EXPOSURE 


Figure  6-4  Auditory  brain  stem 
responses  showing  threshold  shifts 
from  guinea  pigs  exposed  to 
0  5  kHz  (top)  or  4  0  kHz  (bottom) 
noise  overstimulation  (  U7  dB  SPL, 
14  hours  per  day  for  10  days). 


tween  the  three  rows  of  hair  cells.  Swelling  of 
OUCs  was  seen  in  regions  close  to  areas  of  lc- 
sion.  Distorted  body  shape  of  OUCs  was  less 
notable  in  the  4-hHz  exposure  than  in  the 
500412  exposure. 

Variability  between  animals  was  much 
greater  with  the  500-Hz  exposures.  Although 
the  differences  In  the  magnitude  of  damage 
from  high*  and  low-frequency  exposures  may 
be  related  to  middle-car  transfer  (unctions, 
this  does  not  completely  explain  the  differ¬ 
ences  In  the  degree  of  spread. 

Inner  Hair  Cells 

Inner  hair  cell  (IHC)  loss  was  minimal 
with  the  500  Hz  exposure,  with  only  scattered 


loss  (3  to  5  percent)  in  the  third  turn,  In  re¬ 
gions  where  OHC  loss  was  greatest.  In  the  sec¬ 
ond  turn  swollen  IHCs  were  periodically 
spaced  (Fig.  6  6),  Swelling  was  also  seen  in  ex¬ 
treme  apical  and  basal  turns,  but  here  there 
was  no  periodicity.  With  the  4-kHz  exposure 
IHC  loss  of  roughly  10  percent  was  seen  in 
the  second  and  third  turns,  correlating  with 
areas  of  greatest  OHC  loss.  No  swelling  of 
IHCs  was  observed  in  neighboring  regions, 
Tlie  region  of  IHC  loss  corresponded  to 
the  frequency  of  overstimulation  better  than  it 
did  for  OHC  with  both  frequencies  tested. 
OHC  loss  was  much  more  extended  along  the 
coclilear  spiral  in  both  frequencies  of  over- 
stimulation;  however,  the  spread  and  magni¬ 
tude  of  OHC  damage  was  much  greater  w  ith 
the  higher-frequency  overstimulation. 
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OHC  LOSS -0.5  kHz  vs.  4.0  kHz 


Figure  6-5  Rcprcsmiuuc  mococ&Jcognou  of  OHC 
k»i  in  guinea  pigs  exposed  to  0.5-kHz  (abcrc)  Of  -L0- 
kllz  (bdo»-)  noise  overstimulation  (117  dB  SPL.  \i 
hours  per  day  for  *0  days). 


PERCENT  DISTANCE  FROM  APEX 


Figure  6-6  Surface  preparation  > 
from  the  second  turn  of  the 
cochlear  spiral  of  a  guirc*  pig 
sacrificed  Immediately '•^cr 
exposure  to  0  5  kHz  noise  (1 17 
dB  SPL,  14  hours  per  dzy  for  10 
days;  showing  swollen  in>  -r  hair 
cells  (arrows). 


Ultrastructure 

.Changes  in  the  apical  domain  of  OHCs 
and  IUCs,  similar  lo  those  described  by  Liber¬ 
man  (1987)  and  Liberman  and  Dodds  (1984, 
1987),  ucrc  observed  in  areas  of  damage  from 
both  high-  and  low-frequency'  exposures.  As 
Liberman  (.*987)  reported,  stcreociliar  fusion 
was  accompanied  by  perturbation  of  the  cutic- 
ular  plate  (Fig,  6-7A ).  Often  a  perturbation  of 


subsurface  cistcrriac  was  also  observed  in 
OIICs  (Fig.  6-7B,  C). 

Afferent  Dendrites 

Many  vacuoles  and  spaces  were  seen  by 
the  bases  of  IHCs  in  regions  of  OHC  loss 
These  arc.  commonly  interpreted  as  swollen 
afferems  (Spoendlin,  1971,  Robertson,  1983), 


Figure  6-8  Electron  micrographs  showing  loss  of  afferent  dendrites  (  •)  at  the  Ease  of  an  inner  hair  cell  A,  of  a 
guinea  pig  sacrificed  1  week  after  cessation  of  4  0  UIZ  noise  oiersnmulation  (117  dB  SPL  H  hours  per  daj  for  10 
daj-s).  B,  In  a  higher  magnification  of  a  portion  from  the  inner  hair  cell  base,  the  replacement  cf  a  lost  afferent  by  an 
efferent  (E)  can  be  seen  apposing  a  synaptic  bar. 


Swelling  and  loss  of  afferent  dendrites  at  IHC 
bases  was  apparent  with  both  high*  and  low- 
frequency  exposures.  The  loss  of  afferent  den* 
dritcs  corresponded  aoscly  to  regions  of  OHC 
loss.  IHCs  usually  looked  normal.  This  sug¬ 
gests  that  auditor}*  nerve  dysfunction  could  be 
a  component  of  both  temporary*  and  perma¬ 
nent  threshold  shifts. 

Scar  Formation 

The  distributions  of  microfilaments  (ac¬ 
tio),  cytokcratins,  vimentin,  and  light  junc¬ 
tion  specific  proteins  were  studied,  In  order  to 
elucidate  the  structural  and  molecular  basis 
that  underlies  the  dynamics  and  mechanism  of 
phalangeal  scar  formation  fn  different  cochlear 
regions.  Collecting  data;  from  animals  that 
v/crc  sacrificed  at  various  intervals  after  the 
noise  made  it  possible  to  reconstruct  the  spa¬ 
tial  and  temporal  sequence  of  changes  that  oc¬ 
cur  during  scar  formation. 


Analysis  at  the  molecular  level  did  not  re¬ 
veal  major  differences  in  the  pattern  of  scar 
formation  between  different  turns  of  the  co¬ 
chlea  or  with  the  different  frequencies  of 
overstimulation.  In  the  OHC  region,  the  pha¬ 
langeal  process  of  outer  pillar  cells  forms  sears 
for  first-row  OHCs,  whereas  first-  and  second- 
row'  Dciters*  cells  form  scars  for  second-  and 
third-row  OHCs,  respectively.  Minor  differ¬ 
ences  appeared  between  the  shape  of  the  scar 
in  the  first  row  of  OHCs  and  the  other  two 
rows,  probably  reflecting  the  difference  in 
shape  between  the  phalangeal  process  of 
outer  pillar  cells  and  such  processes  of  Dcit- 
ers’  cells.  Actin  appeared  to  be  an  important 
dement  in  the  apical  domain  of  the  cells  in 
the  process  of  hair  cell  degeneration  and  scar 
formation.  Act in-spccific  staining  in  the  cuticu- 
lar  plate  and  the  stcreocilia  (Fig  6-9A)  de¬ 
creased  significantly  in  noise-damaged  cells 
(Fig  6-9  B).  Within  a  few  hours  of  noise  expo¬ 
sure,  an  actin-rich  band,  which  we  term 
“bridge,'’  formed  under  the  apical  membrane 
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Figure  6-9  Diagram  of  the  process  of  scar  formation  from  digitized  surface  preparations  stained  for  actio.  A,  The 
first  stage  ( I )  shows  the  normal  appearance  with  staining  at  Junctions  and  of  the  OHC  stereocilia  (ST)  and  cuticular 
plate  (CP).  B,  TTk:  second  stage  (2)  shows  a  loss  of  actin  with  less  staining  in  the  stereocilia  and  cuticular  plate.  C 
The  third  stage  (3)  shows  the  Deltas’  cells  (DC)  above  and  below  meeting  (dotted  lines)  under  the  remaining 
apical  portion  of  the  hair  cell  (outlined  bv  black  line).  D,  The  remaining  portion  of  the  hair  cell  is  then  last  (4), 
cc posing  the  two  Deiters*  cells  below.  OHC,  outer  hair  cell.  CP,  cuticular  plate;  ST,  stereocilia. 


of  the  degenerating  hair  cells,  in  a  plane  per¬ 
pendicular  to  the  modiolus  (Figs.  6-9C  6- 1(M). 
The  bridge  later  becomes  a  new  adherens 
junction,  along  the  attachment  line  of  the  two 
supporting  cells  that  compose  a  scar  (Fig. 
6- 90,  6- KM).  In  early  stages  of  the  scarring 
process,  the  adherens  junction  of  the  degener¬ 
ating  hair  cell  was  still  faintly  stained  for  actin 
(Figs.  6-9C  6-KM),  but  later  it  disintegrated 
entirely  (Fig.  6-90).  No  significant  differences 
could  be  detected  between  the  cltangcs  in  ac¬ 
tin  organization  in  scars  forming  in  the  base 
and  such  changes  in  the  apex  of  the  cochlea, 
or  between  the  two  different  frequencies  used 
as  stimuli 

The  expression  of  cyt ©keratins  in  the  or¬ 
gan  of  Corti  is  normally  restricted  to  nonsen- 
sor>'  cells  (Fig.  6-10 C)  (Raphael  ct  al,  1987), 
After  the  noise  exposure,  the  distribution  of 
cytokcratin  immunolabcling  in  the  reticular 
lamina  was  altered.  Simultaneous  with  the  re¬ 
organization  of  actin,  the  area  in  the  reticular 
lamina  previously  occupied  by  the  hair  cell 
became  cytokcratin  positive,  as  two  adjacent 
supporting  cells  filled  the  space  of  the  hair  cell 
(Fig.  6-10D),  We  ha\c  recently  found  a  quan¬ 
titative  difference  in  the  distribution  of  cyto- 


keratins  between  basal  and  apical  supporting 
cells:  more  cytokcratin  immunostaining  oc¬ 
curs  in  the  apical  processes  of  pillar  cells  of 
basal  turns.  No  difference,  howeser,  was  ob¬ 
served  in  the  pattern  of  cytokeratin  distribu¬ 
tion  in  the  scars  of  first-turn  OHCs  (which  in¬ 
volve  pillar  cell  processes)  between  basal  and 
apical  turns 

The  apical  membranes  of  hair  cells  and 
supporting  cells,  and  the  tight  junctions  be¬ 
tween  these  cells,  help  maintain  the  ionic  bar¬ 
rier  between  endolymph  and  perilymph.  To 
find  out  if  scar  formation  modulates  the  ex¬ 
pression  of  tight  junctions  in  a  different  way  in 
basal  compared  to  apical  turns,  we  used  tight 
junction-specific  antidngulin  antibodies  (Citi 
ct  al,  1988).  The  pattern  of  anticinguhn  stain¬ 
ing  in  whole  mounts 'of  the  organ  of  Corti  re¬ 
vealed  a  circumferential  belt  that  surrounded 
all  the  undamaged  cells  (Fig.  6-10B)  In  dam¬ 
aged  or  missing  hair  cells,  a  new  cijgulin- 
positive  line  appeared,  oriented  in  a’fashion 
similar  to  that  of  the  actin-rich  bridge  (Fig 
6-10B),  Here  again,  no  difference  could  be 
discerned  between  the  base  and  the  apex  of 
the  cod  ilea. 

Vimentin,  a  protein  expressed  in  scar- 
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Figure  6-10  Whole  mounts  showing  the  distribution  of  actin,  dngulfc,  and  cytokcratin  in  surface  view  of  the  re¬ 
ticular  lamina.  A,  Phalloidin  labeling  showing  aettn  in  the  cuticular  plate  and  adherens  /unctions  of  hair  cells  in  the 
second  turn.  An  actin  rich  bridge  is  seen  in  the  midline  of  a  scar  in  the  third  row  (arrow'X  Residual  actin  labeling  Is 
present  where  the  original  adherens  Junction  had  been  (arrow  head  X  D,  Cinguhn  specific  immunolabeling  is  re¬ 
stricted  to  the  tight  junctions  between  all  ceils  at  the  reticular  lamina.  CingulL'i  is  present  in  the  midlinc  of  the 
phalangeal  scar  In  a  second  row  OHC  (arrowX  C,  Fluorescence  preparation  showing  that  cjtokeratin  specific  immu 
nolabchng  Is  restricted  to  the  dumbbell  shaped  phalangeal  processes  of  supporting  cells  (dX  whereas  hair  cells  (h) 
are  not  labeled.  D,  Third  turn  organ  of  Cortl  after  noise  induced  hair  cell  damage.  Phalangeal  scars  (arrows)  in  sec 
ond  and  third  OHC  rows  arc  cytokeratm  positive,1  as  arc  supporting  cells  (dX  but  hair  cells  (h)  arc  not  Hie  bar  in 
D,  which  Is  representative  fori?  through  D,  equals  10  pm. 
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forming  cells  In  other  tissues,  was  not  de¬ 
tected  in  the  phalangeal  scar.  Viroentin  is 
present  in  the  third-row  Dciters*  cells  and  in 
the  inner  pillars  (Raphael  and  Ostcrlc,  1989), 
but  these  cells  do  hot  seem  to  be  incorpo¬ 
rated  into  the  scar  at  the  level  of  the  reticular/ 
lamina. 

Comparing  the  changes  observed  in  sur¬ 
face  preparations  with  staining  patterns  in  im* 
munolabclcd  light-microscopic  sections  helped 
us  to  underst-id  the  dynamics  of  changes  in 
the  cytoarchitecturc  when  scars  arc  formed.  It 
appeared  that  two  specific  supporting  cells  arc 
predestined  to  form  a  scar  for  a  given  hair  cell. 
The  supporting  cells  gradually  expand  in  vol¬ 
ume  and  invade  or  constrict  the  subapical  re¬ 
gion  of  the  hair  cell.  Consequently,  the  baso- 
latcral  domain  of  the  hair  cell  is  separated 
from  the  apical  domain.  The  latter  seems  to 
degenerate  only  after  the  two  scar-forming 
supporting  cells  attach  to  each  other  at  the 
bridge  and  establish  a  new  tight  junction  be¬ 
tween  themselves.  Thus,  the  degeneration  of 
hair  cells  is  simultaneous  with  scar  formation, 
allowing  a  “smooth”  cellular  replacement  to 
take  place,  so  that  the  ionic  barrier  in  the  re¬ 
ticular  lamina  is  maintained. 

Conclusion 

There  appear  to  be  differences  in  the  pro¬ 
cessing  of  high*  and  low-frcqucncy  acoustic 
stimulation.  Low-frcqucncy  input  is  probably 
processed  in  both  basal  and  apical  turns. 
There  arc  also  differences  in  the  toxic  effects 
of  high-  and  low-frcqucncy  overstimulation. 
High  frequency  overstimulation  produces  loss 
of  greater  magnitude  both  in  terms  of  number 
and  spread.  This  may  be  because  there  is 
greater  resonance  and  transfer  function  for 
high-frequency  stimulation,  or  because  of  the 
nature  of  the  wave  formed  on  the  basilar 
membrane,  with  low’  frequencies  dissipating 
over  a  larger  area.  Although  these  ideas  might 
explain  the  greater  hair  cell  loss  from  high- 
frequency  overstimulation,  they,  do  not  ex¬ 
plain  the  greater  spread. 

Along  with  the.  different  effects  of  high- 
and  low-frcqucncy  overstimulation,  and  the 
differences  in  processing,  differences  between 
base  and  apex  arc  also  seen  in  the  effects  of 
rest  periods  (Clark  and  Bohne,  1986). 

Although  differences  arc  seen  in  the  ef¬ 
fects  of  stimulation  and  overstimulation,  the 
apical  and  basal  reactions  to  overstimulation 
appear  to  have  many  similarities.  Swelling  of 
afferent  dendrites  occurs  in  the  region  of  best 
frequency;  some  of  the  swelling  is  nonrevers* 


ible.  This  may  lead  to  loss  of  spiral  ganglion 
cells,  as  Juiz  ct  al.  (1989)  report,  after  kainic 
acid— induced  swelling.  OHCs  also  swell  and 
exhibit  apical  distortions  and  disorganization 
Scar  formation  and  the  replacement  of  dam¬ 
aged  OKCs  proceed  in  the  same  orderly  fash¬ 
ion  in  basal  and  apical  turns  after  high-  or  low- 
.  frequency  overstimulation. 

Differences  de  Reponses 
au  Traumatisme  Sonore 
entre  la  Base  et  I’Apex  de 
la  Cochlee 

De  nombrcuscs  evidences  indiquent  que 
les  cellules  cilices  des  tours  basaux  ct  apicaux 
different  aussi  bien  sur  le  plan  physiologiquc 
que  morphologiquc,  Les  dommages  causes  par 
les  drogues  ototoxiques,  Kraucoup  plus  forts 
au  niveau  dcs  cellules  ciliecs  de  la  base,  con¬ 
stituent  unc  autre  proprictc  diffcrcnticlle. 
Avec  1c  trauma  acoustique,  quelqucs  resultats 
indiquent  aussi  une  difference  base-apex  Lc 
present  travail  a  pour  but  d’analyser  ces  differ¬ 
ences  cn  comparant  les  degats  causes  par  des 
sons  tres  intenscs  de  frequence  elevee  ou 
basse.  Cette  comparaison  cst  basee  sur  unc 
analyse  des  pertes  de  cellules  cilices  ct  sur  la 
cicatrisation  consecutive  de  la  lame  rcticu- 
laire. 

Des-cbbuycs  sont  exposes  £  un  bruit  dc 
bandc  d’une  octave  (autour  son  de  0,5,  soit  dc 
4  kHz)  dc  1 17  dB  SPL,  \4  h  par  jour,  pendant 
10  jours.  Les  reponses  evoquees  du  tronc  cere¬ 
bral  (ABR)  sont  cnrcgistr£es  avant  I’exposilion 
au  bruit,  au  clnquifcmc  jour  ct  £  la  fin  dc  la 
dcrnterc  seance,  Une  partie  dcs  animaux  dc 
chaquc  groupc  cst  immediatcmcnt  sacrifice, 
les  autres  ont  un  dclai  de  recuperation 
d’une  semainc  ct  font  1’objcl  d’un  nouvcl  ABR 
avant  le  prelfcvcment  des  coch!6cs.  Tous  ont 
une  double  perfusion  (intra  cardiaquc  ct  m- 
tracochlcaire)  soit  avec  3  percent  dc  para¬ 
formaldehyde  (immunocytochimic  dcs  com- 
posants  du  cytosquelctte),  soit  avee  un  m6- 
iangc  3  percent  de  glutaraldehydc  ct  de  2 
percent  dc  paraformaldehyde  suivic  d’une 
post-fixation  £  1’acide  osmiquc/chlomrc  d’haf- 
nium  (cytocochI£ogrammcs  et  microscopic 
dcctronique). 

Avcc  lc  trauma  £  4  kHz,  on  observe,  des 
pertes  auditives  de  50  dB  ou  plus  sur  toutes 
ics  frequences  testees  (de  2  £  30  kHz),  Lc 
trauma  £  0,5  kHz  provoque  dcs  pertes  de  5  £ 
10  dB  £  30  kHz,  de  15  £  25  dB  £  16  kHz  ct  dc 
25  £  35  dB  £  8, 4  et  2  kHz  (avec  un  maximum 
£  4  kHz). 
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Lcs  cytoaKhlcogrammes  provcnant  dcs 
aniniaux  traumatises  a  4  kHz  presentent  dcs 
pertes  ccllulalrcs  minimes  au  niveau  dc 
l’extremc  base,  commc  a  eclut  dirquatricmc 
tour  et  de  l’apcx.  Ces  pertes  sont  encore  fai- 
bles  dans  la  premiere  moitie  du  premier  tour; 
mais  aillcurs  elles  attcigncnt  50%  ou  plus 
pour  lcs  cellules  ciliecs  extemes  (CCE)  avee 
un  maximum  dans  lc  deuxieme  tour.  Les 
pertes  dc  cellules  cilices  internes  (CCI)  sont 
dc  10  percent  c’t  hmitecs  aux  deuxieme  et 
troisieme  tours,  Le  trauma  dc  0,5  kHz  provo- 
que  unc  pertc  importante  dc  CCE  dans  lcs 
deuxieme,  troisieme  et  quatrieme  tours,  avee 
un  maximum  dans  lc  troisieme.  Lcs  pertes  cri 
CCI  (5  a  10  percent)  sont  limitces  au  deux¬ 
ieme  tour;  cependant  les  CCI  du  troisieme 
tour  sont  hypertrophiees 

Pour  les  deux  sortes  dc  trauma,  on  note 
que  la  localisation  des  penes  en  CCI  corre¬ 
spond  plus  £  la  frequence  traumatique  que 
celle  dcs  pertes  en  CCE  L’cxtcnsion  des 
pertes  en  CCE  est  bcaucoup  plus  grande  avee 
lc  trauma  de  frequence  elevee.  L’immuno- 
cytochimic  nc  revelc  pas  de  difference  signifi- 
cati\e  dans  la  cicatrisation  de  la  lame  rcticu- 
lairc  au  niveau  dcs  differents  tours  de  spire, 
mais  quclques  particularitcs  sont  notecs  entre 
la  premiere  rang£c  dcs  CCE  et  les  deux  autres 
rangccs. 

L'analyse  de  la  dcgcncrcsccnce  des  CCE 
et  celle  de  la  cicatrisation  £  scs  differents  sta- 
dcs  est  poursuivie. 
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CHAPTER  7 


Species  Differences  and  Mechanisms 


of  Damage 

LAURENT:  DECORY 
ARMAND  'L  DANCER 
JEAN-MARIE  ARAN 


I^oisc- induced  hearing  loss  lias  been  widely 
studied  in  various  animal  species.  The  physio* 
logic  and  anatomic  consequences  of  identical 
overstimulation  can  be  very'  different  from 
one  species  to  another  (Dancer,  1981).  For 
example  a  pure  tone  of,  I  kHz  at  120  dB  SPL 
presented  for  12  minutes  to  the  chinchilla  in* 
duces  more  threshold  shift  (TS)  than  the  same 
stimulus  presented  for  12  hours  to  the  squir¬ 
rel  monkey  (Huntcr-Duvar  and  Bredbcrg, 
1974).  The  aim  of  our  study  was  to  determine 
the  physiologic  and  anatomic  consequences  of 
identical  acoustic  overstimulation  in  three 
species  of  mammals  widely  used  in  auditory’ 
studies  (cat,  chinchilla,  and  guinea  pig)  and  to 
relate  the  interspccics  differences  in  noise  sus¬ 
ceptibility'  to  the  characteristics  of  the  periph* 
era!  mechanical  system  (external  and  middle 
car),  or  of  the  inner  ear,  or  of  both  for  each 
Species. 

Our  first  step  was  to  apply  continuous 
purc*tonc  overstimulation  under  the  same  ex¬ 
perimental  conditions  in  all  three  species.  The 
physiologic  auditory  effects  of  this  overstimu¬ 
lation  were  evaluated  by  electrocochleogra- 
phy  (compound  action  potential — G\P— • au¬ 
diograms),  and  the  anatomical  alterations  of 
the  organ  of  Corti  were  assessed  by  scanning 
electron  microscopy  (SEM).  Our  second  step 
was  to  measure  the  transfer  function  of  the 
middle  ear  In  all  three  species  and  to  compare 
the  physiological  and  anatomical  effects  of 
overstimulation  as  a  function  of  the  acoustic 
input  level  and  acoustic  power  at  the  entrance 
to  the  cochlea.  Wc  will  present  a  tentative  me¬ 
chanical  interpretation  of  the  origin  (or  ori¬ 
gins)  of  the  cochlear  part  of  the  intcrspecies 
differences  in  susceptibility  to  noise. 


Cochlear  Impairment 

Methods 

Young  animals  of  both  sexes  that  were 
free  of  middle-car  infection  were  used  in  this 
study.  After  premcdication  with  a  sedative  and 
anticholinergic  agents,  the  animals  were 
deeply  anesthetized  with  ketamine  (guinea 
pigs  and  chinchillas)  or  pcntothal  (cats).  The 
pinna  was  sectioned  and  the  bulla  exposed  In 
all  three  species  the  bulla  was  widely  opened 
(the  septum  was  left  intact  in  the  cat)  and  an 
electrode  was  Implanted  on  the  round  win¬ 
dow.  Precautions  were  taken  to  prevent  cool¬ 
ing  of  the  animal  and  especially  of  its  cochlea 
during  the  experiment.  The  animals  were 
placed  in  an  carbar  head-holder  system.  A  hol¬ 
low  cone  allowed  the  insertion  of  different 
sound  sources,  and  a  probe  microphone  was 
used  to  measure  the  acoustic  level  in  front  of 
the  tympanum  (about  1,5  mm)  (Dccory  ct  a!; 
1989a).  This  experimental  setup  allowed  us  to 
get  rid  of  the  intcrspecies  differences  that 
could  originate  from  the  outer-car  transfer 
functions. 

A  pre-exposure  audiogram  was  obtained 
in  each  animal  by  averaging  the  CAP  in  re¬ 
sponse  to  tone  pips  over  the  frequency  range 
of  1  to  32  kHz.  Each  animal  was  then  exposed 
to  a  continuous  2-,  4-,  or  8  kHz  pure  tone  for 
20  minutes  The  level  of  this  pure  tone  ranged 
from  82  to  132  dB  SPL  at  the  tympanum. 
Twenty  minutes  after  the  end  of  the  stimula¬ 
tion  another  CAP  audiogram  was  measured  to 
obtain  the  short  term  TSs,  Immediately  after 
the  second  audiometric  measurement  the  co¬ 
chlea  was  prepared  for  SEM.  Cochlear  fre¬ 
quency  maps  for  the  guinea  pig  (Wilson  and 
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Johnstone,  1 975;  Johnstone,  1977;  Cody  et  al, 
1980),  chinchilla  (Eldrodgc  ct  al,  1981),  and 
cat  (Liberman,  1982)  were  used  to  relate  ana¬ 
tomic  location  to  stimulus  frequency.  All  nor¬ 
mal  looking,  altered,  and  missing  hair  cells 
were  counted. 


Resufts 

Forty  cats,  84  chinchillas,  and  128  gu:nca 
pigs  were  exposed  to  acoustic  overstimulation 
at  2,  4,  or  8  kHz,  Short-term  TSs  were  mea¬ 
sured  in  each  of  these  animals,  and  about  200 
cochleas  were  observed  under  SEM, 

Threshold  Shifts  (CAP) 

Some  of  the  mean  TSs.  measured  in  each 
species  after  exposure  to  8  kHz  pure  tones 
(from  80  to  132  dB  SPL)  aio  presented  in  Fig¬ 
ure  7-1  (groups  of  5  to  10  animals  were  used 
for  each  exposure  condition).  The  maximum 
TS  occurs  towards  the  high  frequencies  when 
the  stimulus  level  increases.  A  phenomenon  of 
the  same  kind  can  be  observed  for  the  expo¬ 
sures  at  2  and  4  kHz  (Decory  et  al,  1989a), 
The  maximum  TSs  recorded  from  each  animal 
of, each  species  as  a  function  of  stimulus  level 
(fer  the  2-,  4-,  and  8  kHz  exposures)  arc 
shown  in  Figure  7-2.  For  all  exposure  condi¬ 
tions  these  findings  indicatC-an  increase  in  au¬ 
ditory  susceptibility  from  the  cat  to  the  guinea 
pig  and  from  the  guinea  pig  to  the  chinchilla. 
The  slopes  of  the  regression  lines  arc  close  to 
each  other  in  all  three  species,  about  *H.6  dB 
TS  for  each  decibel  of  stimulus.  For  a  given 
stimulus  level,  the  maximum  TS  increases 
with  the  exposure  frequency.  When  the  expo¬ 
sure  frequency  is  high,  the' TSs  are  also  more 
restricted.  Wc  can  define  a  Q2<Wr.  which  rep¬ 
resents  the  ratio  between  the  frequency  for 
which  the  maximum  TS  is  equal  to  50  dB  and 
the  range  of  frequencies  for  which  the  TSs 
vary  from  50  to  30  dB.  Tiic  values  of  this 
Q*xib  are  almost  the  same  in  the  three  spe¬ 
cies:  0,13  at  2  kHz,  0.3  at  4  kHz,  and  0.7  at  8 
kHz,  The  higher  the  stimulation  frequency,  the 
smaller  the  frequency  range  of  the  audiogram 
affected  by  the  acoustic  stimulation. 

Hair  Cell  Lesions  (SEM) 

We  thoroughly  examined  164  cochleas 
using  SEM;  the  breakdown  is  as  follows: 

20  in  the  cat  (6  at  the  stimulation  fre¬ 
quency  of  2  kHz,  6  at  4  kHz,  and  8  at  8  kHz) 

59  in  the  chinchilla  (12  at  2  kHz,  13  at  4 
kHz,  and  34  at  8  kHz) 


85  in  the  guinea  pig  ( 13  at  =2  kHz,  1 1  at  4 
kHz,  and  6l-at  8  kHz) 

On  the  cochleograms  shown  in  Figures 
7-3/  7-4,  and  7*5  we  have  presented  the  aver¬ 
age  results  obtained  in  the  three  species  for 
the  three  exposure  frequencies  (2, -4,  and  8 
kHz)  and  for  the  three  stimulus  levels  (112, 
120,  and  132  dB).  (Normal-looking  cells  cor¬ 
respond  to  the  black  areas,  cells  with  damaged 
stereocilia  correspond  to  the  dotted  areas,  and 
missing  cells  correspond  to 'the  white  areas.) 
At  these  frequencies  the  length  of  the  organ  of 
Corti  corresponding  to  an  octave  band  is 
equal  to  2.5  mm  in>the  guinea  pig  and  the 
chinchilla,  and  to  3.5  mm  in  the  cat,  but  the 
number  of  cells  is  almost  identical  per  unit  of 
length  in  these  three  species  For  this  reason, 
the  number  of  injured  hair  cells  in  the  cat  has 
been  multiplied  by  a  conversion  factor  (2  V*  s 
«  0.7)  in  .order  to  present  the  results  as  if 
each  species  had  the  same  number  of  cells  per 
octave  along  the  organ  of  Corti. 

For  a  given  stimulus  level,  the  amount  of 
damage  increases  with  the  exposure  fre¬ 
quency.  For  example,  in  the  three  species  the 
first  row  of  outer  hair  cells1  (OHC  1)  is  the 
most  sensitive,  as  previously  described  by 
Robertson  and  Johnstone  ( 1980).  Concerning 
the  first  lesions,  a  0  3*  to  0.5  octavc  shift  can 
be  observed  between  the  stimulation  fre¬ 
quency  and  the  characteristic  frequency'  (CF) 
corresponding  to  the  area  of  maximum  stereo- 
cilia  damage.  When  the  stimulus  level  in¬ 
creases,  this  shift  diminishes  progressively. 
Missing  hair  cells  arc  observed  at  a  CF  loca¬ 
tion  corresponding  to  the  stimulation  fre¬ 
quency  (Cody  and  Robertson,  1983). 

The  shift  of  the  first  stereocilia  damage 
can' be  explained  by  the  theory  of  the  co¬ 
chlear  amplifier  of  Davis  ( 1983),  according  to 
which  the  damage  corresponds  to  the  maxi¬ 
mum  amplitude  of  the  traveling  wave  (located 
towards  the  base  when  compared  to  the  loca¬ 
tion  of  the  active  processes  corresponding  to 
a  given  CF),  Nevertheless,  with  regard  to  this 
theory'  it  is  difficult  to  underhand  how,  at  the 
highest  levels,  the  hair  cell  damage  occurs  at  a 
location  corresponding  to  the  CF  of  the  stimu¬ 
lation  frequency'.  Other  explanations,  taking 
into  account  variations  of  cochlear  damping  as 
a  function  of  stimulus  level,  have  also  been 
proposed  (Dancer  and  Frankc,  1987,  1990). 

It  is  interesting  to  note  that  as  the  stimu¬ 
lation  level  Increases,  the  changes  in  the  posi¬ 
tion  of  the  hair  cell  damage  (towards  the 
apex)  are  just  the  opposite  of  the  changes  in 
the  frequency  of  the  maximum  short-term  TS 
(at  the  high  frequencies)  (see  Figs  7-1  and 
7*5).  According  to  the  observations  of  Robert- 
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Figure  7*2  Maximum  short  term  threshold  shift  recorded  from  each  animal  of  each  species  as  a  function  of  the 
stimulus  level  (for  the  2, 4,  and  8  Vliz  pure- tone  exposures.  Dotted  lines  correspond  to  regression  tines;  r  >  09). 
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Figure  7*3  A'erage  cochlcograms  chained  in  the  cat.  the  guinea  pig.  and  the  chinchilla  following  exposure  to  a 
2-kHz  pure  tone  at  1 12.  120.  and  132  dB  SPL  for  20  minutes. 
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Figure  7-5  Total  number  of  injured  and  missing  hair  cells  in  each  animal  of  each  species  as  a  function  of  the  stim¬ 
ulus  level  of  the  2. 4,  and  8  JJiz  purc-tone  exposures.  Dotted  nines  correspond  to  regression  nines. 
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sou  ct  at  ( 1 9S0\  Xcbcrccn  ( 1983).  Ubcxnwt 
(*96iX  Ubcnmo  and  Dodds  (198*ajb. 
1987).  tins  deference  s  doc  to  (he  fact  due 
CAP  daryv  and  murpboiopcA  rinnp<  do 
nos  hare  quite  the  same  ocqpo.  The  IS  mea¬ 
sured  20  minutes  after  the  end  of  (be  expo¬ 
sure  is  partiafly  rerenftic  wfacreas  the  hair 
cefl  lesions  observed  with  SEM  (30  minutes  af- 
ter  the  end  of  the  closure)  arc  definitive.  Id 
bet  the  corrdatioo  between  tbc.TS  measured 
a  fcw'  days  or  a  few  weeks  after  the  end  of  the 
exposure  and  the  cochlear  danx^e  would 
profwfofr  be  exact  (Cody  and  lobcrtsoo, 
1983)  hi  our  experiments  (he  15  indudes  a 
temporary  component  that  docs  not  corre¬ 
spond  to  the  damage  observable  in  SEM.  and 
that  originates  from  a  different  pan  of  the  or¬ 
gan  of  Coni.  Figure  “-<>  shows  the  total  num¬ 
ber  of  injured  and  missing  hair  ccHs  (OHC  I. 
OHC  2.  OHC  3,  and  inner  hair  cell — IHC) 
measured  in  each  animal  as  a  function  of  the 
stimulus  level  for  the  2-,  4-.  and  8-kIlz  expo¬ 
sures.  These  findings  confirm  the  general  in¬ 
crease  in  auditory  susceptibility  from  the  cat 
to  the  guinea  pig  and  from  the  guinea  pig  to 
the  chirchHla. 

In  our  well-defined  experimental  condi¬ 
tions  we  have  observed  significant  imerspe- 
cies  differences  in  auditor}'  susceptibility  for 
pure  tones  between  the  cat,  the  chinchilla, 
and  the  guinea  pig.  These  differences  can  only 
be  attributed  to  the  conditions  of  transmission 
of  the  acoustic  stimulus  from  the  eardrum  to 
the  cochlea;  to  the  anatomical,  mechanical, 
biochemical,  and  physiological  properties  of 
the  cochlea;  or  to  both.  To  try  to  dear  up  this 
problem,  we  decided  to  measure,  in  the  same 
experimental  conditions  and  in  each  species, 
the  transfer  function  of  the  middle  ear  in  or¬ 
der  to  be  able  to  compare  the  interspeties  dif¬ 
ferences  as  a  function  of  the  acoustic  pressure 
let  cl  and  of  the  acoustic  power  of  the  stimu¬ 
lus  at  the  entrance  to  the  cochlea. 

Transfer  Function  of  the 
Middle  Ear  in  the  Cat,  the 
Chinchilla;  and  the  Guinea 

Pig 

For  a  given  stimulus  applied  at  the  tym¬ 
panic  membrane  (TM),  the  sound  pressure  at 
the  base  of  the  scala  vcstibuli  (SV)  and  hence 
the  amplitude  of  the  transfer  function  of  the 
middle  car  (TFMB),  has  been  recorded  from 
100  If?  to  20  kHz. 


Methods 

The  acoustic  stimulation  (pure  tones)  is 
produced  and  controlled  as  previously  des- 
cussed.  The  stimulation  levels  range  from  TO 
to  120  dSSPLlbe  intracodilear  sound  pres¬ 
sure  measurements  are  taken  usk^  a  mswx- 
ture  pfczorcsistivc  transducer  (Kutite) 
equipped  with  a  probe  filled  with  silicon  fluid 
(Frankc  ct  a)  1982).  The  acoustic  input  im¬ 
pedance  of  the  probe  (about  I014  X-suT5  at 
X  kHz)  is  much  higher  than  that  of  the  guinea 
p**s  cochlea  (about  I0n  X*nT5)  (Dancer 
and  Frankc;  X980X  and  should  not  modify  the 
acoustic  pressure  inside  the  cochlea.  The 
transducer  is  caUbratcd  in  a  dosed  coupler 
fitted  with  the  same  fluid  and  driven  by  a 
quartz  disc;  thus  we  obtain  the  frequency"  re¬ 
sponse  of  the  probe  in  the  20  Hz  to  2o"kHz 
range  with  good  accuracy.  The  animals  are 
prepared  as  previously  discussed.  The  bulla  is 
widdy  opened  (the  septum  being  left  intact  in 
the  cat)  A  hole  (about  03  mm)  is  drilled  into 
iheSVof  the  basal  turn  at  the  most  accessible 
part,  which  is-— in  the  cat,  guinea  pig.  and 
chinchilla,  respectively—  at  8.  7.2,  and  5.5 
mm  from  the  base.  The  probe  is  put  into 
place:  its  conical  shape:  allows  a  good  seal.  The 
animal  is  then  exposed  to  a  firequenev-swepi' 
pure  tone  (100  Hz  to  20  kHz)  The  signal-to- 
noisc  ratio  is  improved  by  means  of  a  narrow- 
band  tracking  filter.  All  the  following  data  cor¬ 
respond  to  the  amplitude  of  the  intra cochlear 
sound  pressure  referenced  to  the  amplitude  of 
the  sound  pressure  in  front  of  the  TM.  Which¬ 
ever  species  is  co^idered,  the  intra  cochlear 
sound  pressure  can  be  considered  to  be  linear 
across  the  whole  range  of  stimulation  (70  to 
120  dB  SPL) 

Results 

The  sound  pressure  was  measured  in  the 
SV  of  the  first  turn  of  the  cochlea  in  eight  cats, 
nine  chinchillas,  and  eleven  guinea  p*gs. 

Figure  7-7  shows  the  average  amplitude  of 
the  sound  pressure  measured  in  the  first  turn 
of  the  SV  in  the  cat,  chinchilla,  and  guinea  pig 
(with  reference  to  sountLpressure  at  the  TM). 
Between  500- Hz  and  1 6  kHz  the  amplitudes 
arc  close  in  the  three  species:  the  observed 
differences  arc  less  than  or  equal  to  one  stan¬ 
dard  deviation  (less  than  10  dB).  The  princi¬ 
pal  difference  among  them  is  the  negative 
peak  appearing  at  3  kHz  in  cat;  this  peak  is  due 
to  the  secondary'  cavity  of  the  bulla  in  the  cat 
(measurements  in  animals  with  septum  re- 
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moved  fan  e  given  results  comparable  to  those 
of  Guinan  and  Peake,  1967,  and  Nedzdnitsky, 
1980;  see  Decoty  ct  al*.l ,n  experi¬ 
mental  conditions,  the  amplitude  of  the  TRIE 
is  maximal  (31  to  33  dB)  at  600  Hz  in  the  cat 
and  the  chinchilla,  and  at.  1.2  kHz  in  the 
guinea  pig.  In  the  cat,  our  average  curve  is 
dose  to  the  maximum  values  recorded  by 
Ncdzelnii$ky(1980).  # 

As  mentioned  earlier,  these  measurements 
were  feasible  only  at  a  certain  distance  from 
the  oval  window.  Measurements  performed  in 
scala  tympani  (Dccory  ct  al,  1990)  indicate 
that  the  can  es  of  Figure  7-7  actually  repre¬ 
sent  the  TFME  only  in  a  frequency  range  lim¬ 
ited  to  9  kHz  in  the  cat,  5  kHz  in  the  chin¬ 
chilla,  and  1 1  kHz  in  the  guinea  pig.  According 
to  previous  experiments  (Dancer  and  Franke, 
1980,  1982),  'the  actual  amplitude,  of  the 
TFME  in  the  chinchilla  at  8  kHz  is  probably 
larger  (at  most  by  6  dB). 

interspecies  Differences 
in  Auditory  Sensitivity 

Obtaining  Constant 
.  Amplitude  of  the  Acoustic 
Stimulus  at  the  Entrance 
to  the  Cochlea 

With  the  help  of  the  intracochlcar  acous¬ 
tic  pressure  recordings  we  cm  compare  the 
TS  measurements  and  the  SEM  observations 
from  one  species  to  another  for  a  given  ampli¬ 
tude  of  the  acoustic  stimulus  at  the  entrance 


to  the  cochlea.  For  each  stimulation  frequency 
we  used  four  different  criteria:  the  threshold 
ofTS;thcisosarimumTS(50  dB);  the  thresh¬ 
old  of  51  cr cocilia  damage;  and  isocdlular  in¬ 
jury  (1,500  injured  hair  cells)  (Detorv  ct  at 
1989b>  With  the  help  of  these  different  elec- 
tropbysiologic  and  anatomic  criteria  it  is  pos¬ 
sible  to  make  a  rough  evaluation  (in  decibels) 
of  the  average  differences  in  auditon' suscepti¬ 
bility  of  the  cochlea  between  the  three  spe¬ 
cies  for  a  constant  amplitude  of  the  acoustic 
stimulus  at  the  entrance  to  the  cochlea.  Under 
these  conditions  the  intercedes  differences 
arc  especially  noticeable  between  the  cat  and 
the  two  other  spcdcs,  and  less  remarkable  be¬ 
tween  the. chinchilla  and  the  guinea  pig. 

Obtaining  Constant  Acoustic 
Power  at  the  Entrance  to  the 
Cochlea 

It  is  also  possible  to  compare  the  interce¬ 
des  differences  as  a  function  of  the  amount  of 
mechanical  energy  dissipated  per  unit  of  time 
inside  the  cochlea.  At  the  input  of  the  cochlea 
when  driven  by  a  pure  tone,  the  active  acous¬ 
tic  power  is  given  by  the  equation 

We  «  ?c  •  Uc  •  cos? 

where  Pc  is  the  rms  sound  pressure  at  the  in¬ 
put  of  the  cochlea,  Uc  the  rms  volume  velocity 
of  the  stapes,  and  9  the  phase  lag  of  Uc  Versus 
Pc  function.  According  to  several  authors 
(Tonndorf  ct  al,  1966;  Khanna  and  Tonndorf, 
1971;  Dancer  and  Franke,  1980;  Lynch  ct  al, 
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TABLE  7-1  Scapes  Volwne  Vefabbo  far  a  friwnAw  Le*«J  of  94  4* 
Q*m?-TaT9  -s“‘) 


FKQUBICr 


specks 

2  Ufa 

4  kHz 

9  kHz 

Cat 

ChncMb 

Gwwaric 

15- 10— 

is- io-“ 

22-55-10-“ 

13-10*“ 

15-  nr“ 
05-25-10-“ 

20-  I0-” 

21  -  10*" 

05-20-  ttr“ 

~ 

-  _ 

FREQUENCY 

A. 

SPECKS 

2  kHz 

4kHz 

f  kHz 

Cm 

ChheMa 

<****« 

13-  to" 

3.4  -  to-’ 

5.1-123- to-- 

70  ■  io— 

6J  ■  IO’’ 

1.1-12  -  IO-’ 

25  -  10- 
15-  10- 
10-23  - 10"* 

...  .  ~  .... 

TABLE  7-3  Acoustic  Power  Correspond*!,  to  the  Threshold  of  ScereodKa  Damage 

0"  W)- 

-FREQUENCY 

. 

SPECIES 

2  kHz 

A  kHz 

•  kHz 

Cat 

ChincKSa 
Guinea  p «£ 

530-  I0-* 

150  -  10** 
80-210  •  I0-* 

120- IO'* 

17  - 10- 
7-20-  iO’* 

20-  10'* 

0.7- 1.3  -  10"’ 

06-15  •  10'* 

1982),  in  a  passive  cochlea,  the  acoustic  input 
impedance  is  purely  resistive  in  the  frequency 
range  under  consideration  (thus  WC»PC- Uc). 
Having  measured  Pc  it  remains  to  deter¬ 
mine  Uc  in  order  to  calculate  W0  Th  tstapes  dis¬ 
placement  can  be  used  to  calculate  its  \  plume 
velocity: 

IJe  =  2r.f  A,  *  X^ 

where  A,  is  :he  area  of  the  stapes  footplate,  X, 
its  displacement,  and  f  the  driving  frequency. 
To  determine  X,  we  can  use,  in  the  cat,  the  re¬ 
sults  of  Guinan  and  Peake  (1967);  in  the  chin¬ 
chilla,  the  results  of  Ruggero  ct  al  (1990);  and 
in  the  guinea  pig,  the  results  of  Wilson  and 
Johnstone  (1975),  Manley  and  Johnstone 
(1974),  and  Dancer  ct  al  (1979).  For  a  sound 
pressure  of  1  Pa  (94  dB  SPL)  at  the  TM,  and 
for  the  three  frequencies  (2, 4,  and  8  kHz),  we 
obtain  the  stapes  velocities  shown  in  Table 
7-1. 

The  values  shown  in  Table  7-1  are  close 
from  one  species  to  another  and  from  one  fre¬ 
quency  to  another.  The  value  of  Pc  for  a  sound 
pressure  of  1  Pa  (94  dB)  at  the  TM  can  be  ob¬ 
tained  from  the  results  presented  in  Figure  7-7. 
Using  these  results,  we  can  calculate  the  acous¬ 


tic  power  that  enters  the  cochlea.  The  results  of 
these  calculations  arc  shown  in  Table  7-Z 

Taking  into  account  the  uncertainties  that 
affect  the  numerous  measures  involved  in  the 
determination  of  the  acoustic  power,  these  re¬ 
sults  show  that  in  our  experimental  condi¬ 
tions,  for.  a  given  sound  pressure  level  at  the 
TM,  the’  acoustic  power  entering  the  cochlea 
is  similar  in  these. three  species  and  at  the 
three  exposure  frequencies.  With  the  help  of 
these  calculations  and  of  our  previous  results 
(corresponding  to  the  20-minute  exposures), 
we  can  evaluate  the  acoustic  porver  corre¬ 
sponding  to  the  different  damage  criteria  de¬ 
fined  earlier.  This  evaluation  shows  that  the 
acoustic  power  that  corresponds  to  a  given 
damage  criterion  decreases  strongly  when  the 
stimulation  frequency  increases  (from  *“  2  * 
IO'6  W  at  2  kHz  to  ~  1  •  10'"  Wat  8  kHz  in 
the  chinchilla  for  the  threshold  of  stcreocilia 
damage). 

For  each  stimulation  frequency  and  for 
the  various  criteria,  the  values  of  acoustic 
power  arc  dose  between  the  chinchilla  and 
the  guinea  pig,  whereas  they  are  much  larger 
in  the  cat.  Tables  7-3  and  7*4  show  the  values 
of  the  acoustic  power  entering  the  cochlea 
corresponding  to  the  threshold  of  stcreocilia 
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TABLE  7-4  Acoustic  Power  Camspcmdmg  to  hoedkdar  InpxyfwW) 
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T/BLE7-5  Mean  Displacements  of  the  Basilar  Membrane  Correspond^ 
to  an  Acoustic  Level  of  lit  dB  at  the  Entrance  to  the 'Cochlea 
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FREQUENCY 

2  kHz 

‘  4kHz  .  ~  * 

•  kHz 
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05  ■ 10'* 

0.15-0.3-  10“ 
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1.3-32  - 10“ 

02-20-10“ 

05-1.4-  10“ 

damage  and  to  isocellubr  injury',  respectively, 
for  a  20-minutc  exposure. 

In  evaluating  these  tables,  we  reach. the 
same  conclusion  that  had  been  reached  in  the 
evaluation  of  damage  as  a  function,  of  the 
acoustic-  level  at  the  entrance  to  the  cochlea: 
for  a  given  acoustic  power,  the  cochlcas  of  the 
chinchilla  and  the  guinea  pig  seem  to.  have 
about  the  same  susceptibility,  whereas  ific.co* 
chlca  of  the  cat  is  more  resistant  (this  differ¬ 
ence  corresponds  to  about  6  <JB  in  stimulation 
level). 

This  phenomenon  seems  to  have,  a  co¬ 
chlear, origin.  As  a  matter  of  fact  the  influence 
of  the  acoustic^  reflex  of  the.  middle  car.  can 
probably  be  ruled  out:  all  our  animals  were 
deeply  anesthetized,  and  Mpller  ( 1965,  1974) 
has  shown  that  this  reflex  is  ineffective  be¬ 
yond  1.5  kHz  in  the  cat.  The  same  observation 
was  made  by  Latayc  ( 1989)  in  the  guinea  pig. 
Our- stimulation  frequencies  arc  .well  beyond 
these  values. 

The  measurement  of  the  TFME  was- not 
sufficient  to  explain  the  origin  of  the  interspe- 
cies  differences  in  auditory'  susceptibility.  If 
the  transfer  function  of  the  peripheral  me¬ 
chanical  system  (external' and  middle  car) 
seems  to  be  responsible  for  a  large  part  of 
these  differences  (especially  In  the  guinea  pig 
and  in  the  chinchilla;,  there  arc  certainly  co¬ 
chlear  factors  of  some  importance. 

Cochlear  Factors  1 

■  Efferent  Feedback 

According  tc  Liberman  (1988)  and  War¬ 
ren  and  Liberman  ( 1989a,b),  the. activity  of  ef¬ 
ferent  feedback  controlling  the  OHCs  could 


-‘explain  some  of  the  individual  differences  in 
susceptibility  to  noise.  The  results  of  these  au¬ 
thors  were  obtained  in'Thc  cat.  But  recently 
.  Liberman  (1990)  demonstrated  that  the  olivo¬ 
cochlear  efferent  bundle  was  not  able  to  sig¬ 
nificantly  modify'  the  T§  induced  by  a  6-kllz 
pure  tone  presented  af'100  divfor  10  minutes 
(deep  anesthesia  also  decreases  the  activity*  of 
the  efferent  system,  especially  wilh  the  thio¬ 
pental  (Pcntothal)  used  in  the  cat  in  our  ex¬ 
periments).  Without  ruling  out’  completely 
this  or  many  other  possibilities; such  as  vascu¬ 
lar,  mctabolkvor  biochemical  phenomena,  w*c 
chose  to  study  the  mechanical  events  that 
could  explain. the  interspccics  differences  in 
susceptibility  to  noise. 

Cochlear  Mechanics 

For  a  given  input  to  the  cochlea,  we  have 
attempted  to  uncover  which  Cochlear  mecha¬ 
nisms  might  be  responsible  for  acoustic  injury 
and  whether  these  mechanisms  differ  from 
one  species  to  another.  We  have  limited  our 
study  to  the  first  par:  of  the  transduction  pro¬ 
cess — ic.,  to  the  mechanical  processes  in¬ 
duced  by  the  acoustic  stimulus  at  the  level  of 
the  cochlear  structures  and  especially  of  the 
stcrcocdia  (Decory  ct  al,  1989c).  ' 

Average  Displacements  of  the  Basilar 
Membrane.  For  the  stimulation  frequencies 
used  in  this  study,  a  given  volume  displace¬ 
ment  of  the  stapes  corresponds  t:»,an  identical 
average  volume  displacement  of  the  basilar 
membrane.  This  volume  displacement  affects 
all  of  the  area  corresponding  t6  the  traveling 
wave.  For  a  givpn  acoustic  level  at  the  Input  to 
the  cochlea  ( 100  dB,  for  example),  and  taking 
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into  account  the  respective  dimensions  o<  the 
cochlear  dements,  wc  can  calculate  the  mean 
displacement  of  the  basilar  membrane  perpen¬ 
dicular  to  its  surface  at  2,  4,  and  8  kHz  (Table 
7-5.)  This  mean: displacement  ts  lower  than 
the  maximum  displacement  because  it  takes 
into  account  neither  the  shape  of  the  traveling 
wave  nor  the  fact  that  the  basilar  membrane  is 
attached  on  one  side  to  the  spiral  lamina  and 
on  the  other  side  to  the  spiral  ligament  (Dec¬ 
ot y  ct  A  I989b,c). 

The  mean  displacements  tend  to  decrease 
when  the  stimulation  frequency  increases. 
TCis  does  nnj  explain  the  increase  in  damage 
as  the  stimulation  frequency  increases.  On  the 
other  hand,  the  mean  displacements  cannot 
explain  by  themschcs  the  specific  resistance 
of  the  cochlea  of  the  cat  (the  largest  displace¬ 
ments  arc  observed  in  the  guinea  pig).  How¬ 
e'er,  tliis  conclusion  may  not  be  accurate  be¬ 
cause  we  do  not  know,  from  these  etude  esti¬ 
mates,  the  amplitudes  of  the  relative  displace¬ 
ments  of  the  other  cochlear  structures  (c.c., 
reticular  lamina,  stcrcocilia,  tectorial  mem¬ 
brane)  along  the  organ  of  CortL  in  each  spe¬ 
cies. 

Cochlear  Micromechanics.  From  a 
mechanical  point  of  view  the  displacements  of 
die  stcrcocilia  arc  the  basis  of  the  auditory'  in¬ 
juries  to  be  seen  following  exposure  to  an 
acoustic  stimulus  (Saunders  and  Dock,  19861 
According  to  Liberman  (1988),  Robertson  and 
antJ  Cody  and  "Robertson 
v  *985),  the  main  anatomic  feature  that  corrc- 
l«cs  with  hearing  loss.is  the  rupture  of  the 
roots  of  the  stcrcocilia,  Therefore  ire  exam¬ 
ined  more  closely  the  differences  and  similari¬ 
ties  of  the  stcrcocilia  of  the  different  hair  cell 
rows  ituhe.  three  species.  For  this  purpose  «  c 
used  anatomical  measurements  performed  by 
Rhode  and  Gcisler  (1966)  in  the  cat;  by 
Spocnolin  (1970),  $trclioff  and  Flock  (1981), 


and  Wright  (198!)  in  the  guinea  pig;  and  by 
Lim  (1980,  1986)  in  the  chinchilla.  lit  each 
species,  the  mein  results  of  these  measure¬ 
ments  arc  that  the  length  of  the  stcrcocilia  de¬ 
creases  from  the  apex  to  the  base  and  from 
the  third  to  the  first  rows  of  the  OHCS  More¬ 
over,  for, a  motion  corresponding  to  a  giien 
,  •  the  length  of  the  stcrcocilia  decreases 
from  the  at  to  the  guinea  pig  and  from  the 
guinea  pig  to  the  chinchilla. 

«'c  designed  a  schematic,  model  of  the  or- 
in  ach  si*<*s  (Decoty  «  al, 
1989c)  and  evaluated  the  angular  displace- 
ments  of  the  stercoctlia  as  a  function  of  the 
displacements  of  the  basilar  membrane.  Figure 
7-8  shows /or  example  llur,m  our  model  the 
shorter  stcrcocilia  of  the  OUC  I  undetgo  the 
largest  angular  displacements.  Tills  could  ex¬ 
plain  the  high  susceptibility  of  the  OUC  1  to 
acoustic  injury.  Schematic  representations  of 
the  organ  of-Corti  in  the  ot,  the  chinchilla, 
and  the  guinea  pig  are  sltow-n  in  Figure  7-9,  In 
C';C  a;Illu‘ar  displacement  of  the 
OHC  1  stcrcocilia  has  been  determined  for  a 
displacement  of  I  pm  of  the  basilar  membrane 
and  for  three  locations  corresponding  to  CFs 
of  1,  4,  and  16  klic.  Observe  that  for  a  given 
species  and  a  given  displacement  of  the  basilar 
membrane,  the  amplitude  of  rite  angular  de¬ 
flection  seems  relatively  constant  from  the 
bjse  to  the  apex.  Also,  note  that  the  angular 
'displacement  in  the  chinchilla  is  almost  three 
times  larger  than  in  the  two  oiher  species. 

If  t/ie  observations  concerning  cochlear 
micromcchanics  arc  combined  with  those 
concerning  the  mean  basilar  membrane  dis- 
placements  (Table  7-5),  it  is  seen  that,  for  a 
given  input  to  the  cochlea,  the  angular  dis¬ 
placements  of  the  stcrcocilia  arc  comparable 
in  the  chinchilla  and  In  the  guinea  pig  but 
about  two  times  smaller  in  the  at.  Titus  it 
can  be  typoihesired  that  the  smaller  suscepti- 
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Figure  7-9  Schematic  representation  of  the  angular  displacements  of  thcouter  hair  cell  1  stercocilia  lor  L  I-jun 
displacement  of  the  basilar  membrane  at  three  different  characteristic  frequency  location*. (A,  1  kHz;  B,  4  kHz;  C,  16 
kHz)  in  the  cat,  the  chinchilla,  and  the  guinea  pig. 


bUity  of  the  cat’s  cochlea  could  be  due  to  the 
smaller  angular  displacement  of  its  OHC  stc* 
rcocilia.  Furthermore,  if  the  stercocilia  dam¬ 
age  can  be  considered  to  occur  as  a  result  of  a 
fatigue  failure  process  (nonlinear  phenome¬ 
non),  then  the  amplitude  and  the  number  of 
cycles  undergone  by  a  stcrcocihum  would  be 
of  importance. 

Differences  in  Auditory  Susceptibility 
as  a  Function  of  Exposure  Frequency.  In 
the  three  species,  close  to  the  base  of  the  co* 
chlea  (for  a  given  input  to  the  inner  car),  the 
higher  the  stimulation  frequency,  the  greater 
the  damage.' If  we  consider  a  location  corre¬ 
sponding  to  a  CF  of  16  kHz,  for  the  same 
acoustic  level  at  the  input  to  the  cochlea  and 
for  all  frequencies  lower  than  16  kHz,  the  dis¬ 
placement  of  the  basilar  membrane  (and  the 
angular  displacement  of  the  stercocilia)  is  the 
same  (Dancer  et  al,  1979)  in  a  given  species 
Under  these  conditions  the  amplitude  of  the 
differential  cochlear  microphonic  potential  is 
constant  (in  its  linear  range)  for  all  frequen¬ 
cies  below  the  CF  of  the  recording  place. 

We  observed  earlier  that  for  a  given  input 
to  the  cochlea  the  auditory  damage  observed 
close  to  the  base  (at  a  CF  of  16  kHz,  for  exam¬ 
ple)  decreases  as  the  stimulation  frequency’ 
decreases — i  e.,  to  maintain  a  given  amount  of 
damage,  the  acoustic  input  to  the  cochlea  has 
to  be  increased  by  10  to  15  dB  each  time  the 


stimulation  frequency  is  halved  (Dccory  ct  al, 
1989c). 

This  observation  could  be  explained  by 
the  stress  sustained  by  the  stercocilia.  This 
stress  depends  on  numerous  physical  parame¬ 
ters  (c.g.,  angular  displacement,  stiffness — sec 
Flock  and  Strclioff,  1984),  but  for  a  given  ste- 
reocilium  and  a  given  exposure  condition,  it 
also  depends  (in  a  nonlinear  way)  on  the 
number  of  cycles  (fatigue  failure  phenome¬ 
non).  The  damage  occurring  at  the  level  of  the 
stercocilia  would  then  depend  on  the  ampli¬ 
tude  of  the  angular  displacement  and  on  the 
'number  of  cycles  (1  e,  the  duration  of  the  ex¬ 
posure  in  the  case  of  a  pure  tone). 

Conclusion 

This  study  was  deliberately  conducted 
with  a  purely  mechanical  approach.  It  was 
found  that  that  for  n  given  input  to  the  co¬ 
chlea  the  interspccies  differences  in  auditory 
susceptibility  are  not  large  between  the  chin¬ 
chilla  and  the  guinea  pig.  However,  the  co¬ 
chlea  of  the  cat  seems  to  be  more  resistant 
than  those  of  the  two  other  species,  by  about 
6  dB. 

The  transmission  of  the  acoustic  stimulus 
from  the  free  field  to  the  inner  ear  seems  to  be 
responsible  for  the  largest  part  of  the  interspe- 
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cks  differences  in  auditory  susceptibility.  Nev¬ 
ertheless,  within  the  limits  of  -  our  narrow 
mechanistic  approach,  it  appears  that  some 
cochlear  factors  (such  as  the  angular  displace¬ 
ments  of  the  stereocilia)  could  contribute  to 
the  higher  resistance  of' the  cat's  cochlea  to 
noise  trauma. 

Differences 
Interspecifiques  de 
Susceptibility  au  Bruit  et 
Mechanismes  Lesionnels 

la  susceptibili#c  du  systtme  auditif  vis- 
i-vis  dc  ^exposition  au, bruit  montre  dcs  dif¬ 
ferences  Importantcs  d'une  espece  animale  i 
J’lutre.  Ceci  rend  difficile  {’extrapolation  quan¬ 
titative  dc  donnees  de  (’animal  a  l’hommc. 

Lc  but  dc  cette  etude  ctait  dc  determiner 
si  les  differences  interspecifiques  de  suscepti¬ 
bility  au  bruit  sont  dues  i  la  fonction  de  trans- 
fert  dc  1’orcille  exteme  et  de  1’oreillc  moy- 
enne  dc  chaquc  espece,  i  la  susceptibilite  pro- 
prement  dite  de  la  cochlec,  oii  3  la  combinal- 
son  de  ces  deux  factcurs. 

Deux  types  dc  resultats  quantitatife 
d’atteihtcs  auditivcs induites  par  des  surstimu- 
lations  constituyes  par  dcs  sons  purs  de  2, 4  et 
8  kHz  (80  *  132  dB  SPL  au  niveau  du  tympan) 
sont  decrits  chez  lc  cobayc,  lc  chinchilla  et  Ic 
dial: 

•  les  emplacements  du  scuil  cbtenu  par 
elcctrocochlcographie, 

•  les  alterations  des  cellules  ciliyes  mesu* 
ryes  par  microscopic  yicctroniquc  i  ba- 
layage. 

La  fonction  dc  transfert  dc  1’orcille  moy* 
enne  de  chaquc  espicc  a  £te  determine  grace 
h  la  mesure  de  la  pression  acoustiquc  dans  lc 
premier  tour  dc  la  rampc  vestibulaire.  Con* 
naissant  ainsl  le  niveau  acoustiquc  it  l'cntr^c 
de  la  cochlec  pour  un  niveau  donny  de  pres* 
sion  devant  Ie  tympan,  la  susceptibility  cochle¬ 
are  peut  ctrc  comparye  d’une  espece  & 
l’autre. 

Dans  les  conditions  expyrimcntalcs  utili* 
sees  par  les  auteurs,  le  chat  cst  lc  moins  sensi¬ 
ble. 

les  auteurs  montrent  que  les  diffyrcnccs 
de  susceptibility  intcrspycifiques  existant  en* 
tre  le  chinchilla  et  Ic  cobaye  sont  essentlelle* 
ment  dues  3  la  fonction  dc  transfert  de 
I’orcille  exteme  et  de  1’orcillc  moyenne, 

Fmalement,  le  r61e  yventhel  dc  la  mi- 
cromccaniquc  des  stercocils  dans  les  differ¬ 


ences  interspecifiques  dc  susceptibilite  cst  dis¬ 
cute. 
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CHAPTER  8 


Otoacoustic  Emissions  and 
Noise-Induced  Hearing  Loss 

J.  PATRICK  WILSON 


Otoacoustic  emissions  (OAEs)  arc  an.indi- 
cation  of  mechanically-activc  mechanisms  in 
the  inner  ear.  The  purpose  of  these  mecha¬ 
nisms  is  to  counteract  the  high  level  of  me¬ 
chanical  damping  provided  by  the  structure 
and  composition  of  the*  cochlea,*:  thereby  pro¬ 
viding  higher  sensitivity  and  much  greater  fre¬ 
quency  selectivity  than  would  be  possible  in  a 
purely  passive  system  (Gold,  1948).  It  might 
be  hypothesized  from  this  that  any  of  the  in¬ 
fluences  that  decrease  hearing  sensitivity  or 
frequency  sclcctivity.do  so  by  reducing  the  In¬ 
volvement  of  thl<  active  process,  and  thereby 
lead  to  a  relative  reduction  of  otoacoustic 
emissions.  Such  influences  may  be  ( 1)  simulta¬ 
neous,  1  c,,  occurring  during,  and  not  necessar¬ 
ily  outlasting,  the  disturbing  influence;  (2) 
temporary',  in  which  a  certain  period  follow¬ 
ing  the  cessation  of  the  disturbance  is  re¬ 
quired  for  hearing  <o  return  to  normal;  or  (3) 
permanent,  in  which  hearing  has  been  irre¬ 
versibly  impaired. 

Because  the  literature  on  the  effects  of 
noise-induced  hearing  loss  on  otoacoustic 
emissions  is  rather  limited,  and  on  its  own 
hard  to  interpret,  all  three  types  of  influence 
will  be  considered  in  this  chapter. 

Simultaneous  Influences 

There  arc  several  ways  in  which  oto¬ 
acoustic  emissions  show  susceptibilities  that 
would  not  be  expected  in  a  linear  system. 
These  properties  include  (1)  a  nonlinear  in¬ 
put-output  function;  (2)  suppression  of  the  re¬ 
sponse  to  one  component  by  the  presence  of 
another;  or  (3)  the  generation  of  harmonics 
and  intermodulation  products,  or  “distortion 
products.”  In  addition  to  these  three  major 
types  of  nonlinearity,  there  are  some  less 


readily  explicable  effects  such  as  (4)  fre¬ 
quency  shifting  and  (5)  remote  suppression. 

Nonlinear  Input-Output 
Function 

The  nonlinear  properties  of  otoacoustic 
emissions  were  recognized  from  the  earliest 
report  (Kemp,  1978);  this  property'  is  so  ubiq¬ 
uitous  that- it  Is  used  as  a  criterion  for  Identify¬ 
ing  an  OAK  and  distinguishing  it  from  a  pro¬ 
longed  middle-ear  response.  This  feature  has, 
for  example,  been  utilized  in  the  1L088  r  ,ody- 
namic  Analyser,  in  which  the  linear  compo¬ 
nent  is  automatically  subtracted,  leaving  only 
the  nonlinear  component  as  the  response.  Var¬ 
ious  studies  have  shown  slopes  ranging  from 
linearity  (1  dB  per  decibel)  to  a  nearly  fully- 
saturated  response  (less  than  0.1  dB  per  deci¬ 
bel).  At  intermediate  levels  (20  to  60  dB  SPL), 
slopes  of  0.3  to  0.7  dB  per  decibel  are  fre¬ 
quently  found  in  man  (Kemp,  1978;  Rutten, 
1980;  Rutten  and  Buisman,  1983;Johnsen  and 
Elberhng,  1982;  Norton  and  Neely,  1987).  In 
studies  that  have  extended  below  20  dB  SPL,  a 
tendency  towards  a  linear  response  can  be  ob¬ 
served  (Wit  and  Ritsma,  1979;  Wilson,  1980a; 
Grandori,  1983;  Dallmayr,  1987)  Comparison 
of  different  temporal  parts  of  the  response 
shows  that  the  later  part  has  a  lower  .input- 
output  slope  and  saturates  more  completely  at 
a  lower  output  level  (Rutten,  1980;  Wilson, 
1980a;  Grandori,  1985).  Norton  and  Neely 
( 1987)  found  no  significant  difference  of  slope 
for  frequencies  between  0,5  and  2  kjlz, 
whereas  Grandori  (1985)  stated  that  higher- 
frequency  emissions  are  more  linear,  Gran- 
dori’s  statement  is  consistent  with  a  more  lin¬ 
ear,  early  response  if  high  frequency  compo¬ 
nents  of  the  response  occur  first  (Wilson, 
1980a) 
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By  combining  two  studies  on  a  single  ear 
at  the  same  frequency  it  is  possible  to  extend 
linearity  measurements  over  a  range  of  130 
dB.  From  the  interference  pattern  produced 
by  continuous  tonal  stimulation  (Wilson, 
1980c),  it  is  calculated  that  the  OAE  remains 
at  2  to  4  dB  below  the  stimulus  from  -46  dB 
to  -26  dB  using  tone-burst  stimulation  (Wil* 
son,  1980a)  The  response  remained  within 
±  2  dB  of  the  stimulus  from  — 16  dB  to  +  14 
dB  SPL,  an  overall  near-linear  range  of  60  dB. 
From  24  to  84  dB  SPL  the  response  saturated 
at  20  ±  3  dB  SPL 

A  similar  two-pan  curve  was  also  ob¬ 
served  in  the  guinea  pig  (Zwicker  and  Manley, 
1981),  in  the  the  bat,  Pieronotus  pzmellil 
(Kdssl  and  Vatcr,  1985),  with  the  break  point 
shifted  upwards  by  about  20  to  70  dB  SPL;  and 
in  the  starling  (Manley  ct  al,  1987),  with  the 
break  point  at  10  <1B  SPL  In  the  frog  (Wilson 
et  al,  1989)  a  slope  of  0.5  dB  per  decibel  was 
found  with  a  tendency  towards,  but  no  clear 
region  of,  linearity  or  saturation. 

Two  significant  comments  can  be  made 
concerning  the  nonlinear  input-output  charac¬ 
teristics.  First,  they  ensure  that  when  sponta¬ 
neous  OAEs  (SOAEs)  occur  they  will  be  lim¬ 
ited  to  a  modest  maximum  level.  The  SOAE  is 
viewed  as  an  inevitable  but  undesirable  prop¬ 
erty  of  system  in  which  positive  feedback  is 
used  to  enhance  sensitivity  and  selectivity.  Un¬ 
less  the  system  is  operated  close  to  instability, 
however,  little  benefit  will  be  obtained  from 
it.  By  having  significant  deviations  from  linear¬ 
ity  occur  as  low  as  20  dB  SPL,  SOAEs  will  nor¬ 
mally  be  limited  to  about  this  level.  In  prac¬ 
tice,  most  SOAEs  arc  below  this  level  and  in¬ 
audible  to  the  subjects  concerned.  Con¬ 
versely,  the  approach  to  linearity  as  level 
decreases  also  implies  that  SOAEs  are  unlikely 
to  occur  substantially  below  this  level,  be¬ 
cause  there  would  be  no  automatic  self-limit¬ 
ing  within  a  linear  region. 

Second,  the  role  of  the  active  mechanism 
in  producing  enhanced  sensitivity  and  selec¬ 
tivity  must  be  considered.  If  the  saturated 
level  of  OAEs  represents  the  maximum  avail¬ 
able  energy  output  of  the  active  mechanism, 
or  cochlear  amplifier,  this  would  imply  that  it 
would  have  negligible  influence  at  normaUis- 
tening  levels.  To  work  effectively  as  a  sharpen 
mg  mechanism  at  any  particular  sound  level, 
the  cochlear  amplifier  would  have  to  have  a 
supply  of  energy  comparable  with  that  of  the 
stimulus.  It  is  known  from  a  variety  of  studies 
that  even  though  tuning  may  broaden  some 
what  at  high  stimulus  levels,  it  is  still  sharper 
than  the  passive  basilar  membrane  response 
There  would  appear  to  be  two  ways  of  cir¬ 


cumventing  this  objection:  either  the  satura¬ 
tion  of  the  OAE  is  not  representative  of  satura¬ 
tion  of  the  active  process,  or  there  must  be 
some  form  of  level  normalization  or  automatic 
gain  control  preceding  the  active  filter  mecha¬ 
nism. 

Wilson  (1980b)  and  Sutton  and  Wilson 
( 1983)  suggested  that  OAEs  arose  from  the  in¬ 
complete  cancellation  of  components  summed 
from  the  whole  cochlea  when  the  cochlear  ar¬ 
ray  has  some  irregularity  of  place-frequency 
mapping  or  of  sensitivity.  In  such  a  model,  if  the 
degree  of  irregularity  becomes  less  marked  at 
higher  stimulus  levels,  the  cancellation  would 
become  greater  and  the  OAE  would  not  in¬ 
crease  at  the  same  rate  as  the  stimulus  This 
could  account  for  the  observed  low  saturation 
level  without  implying  saturation  of  the  co¬ 
chlear  amplifier  at  that  level.  If,  however,  the 
OAE  level  and  hearing  level  arc  closely  related 
as  is  described  later,  this  would  imply  that  the 
amplitude  of  OAEs  is  proportional  to  the  in¬ 
volvement  of  the  active  process. 

Tlic  alternative  explanation  of  sharpening 
over  a  wide  dynamic  range  is  some  form  of  au¬ 
tomatic  gain  control  in  each  channel  preced¬ 
ing  the  active  filter.  This  might  take  the  form 
of  a  variable  coupling  clement,  perhaps  pro¬ 
vided  by  the  interface  between  stereocilia  and 
tectorial  membrane.  The  attraction  of  this  hy¬ 
pothesis  is  that  if  this  were  the  physiologically 
vulnerable  element  in  hearing,  changes  of  sen 
sitivity  could  occur  without  necessarily  alter 
ing  the  tuning  properties.  If  the  active  process 
itself  were  vulnerable,  changes  of  sensitivity 
and  selectivity  would  be  intimately  linked,  so 
that  a  6-dB  loss  of  threshold  would  give  rise  to 
a  halving  of  the  Q-factor  and  a  doubling  of  fil¬ 
ter  bandwidths.  With  variable  coupling,  the 
active  mechanism  would  only  be  required  to 
match  the  saturated  level  of  input  energy  and 
w’ould  be  protected  from  damage  until  the  at¬ 
tenuated  signal  became  excessive.  Damage 
would  be  manifested  as  loss  of  tight  coupling 
at  low  levels.  The  question  arises  as  to 
whether  such  a  variable  coupling  element 
would  be  bidirectional — apparently  the  sim 
plest  implementation.  If  the  OAE  has  to  pass 
through  it  in  both  directions,  clearly  any  ef 
fects  that  this  introduces  will  be  doubled  com 
pared  with  direct  measures  of  hearing.  In  the 
studies  discussed  more  extensively  later, 
Kemp  (1982)  found  that  temporary  threshold 
shift  (TTS)  was  about  twice  OAE  changes  (as 
measured  in  decibels),  Zwicker  (1983)  found 
equal  TTS  and  OAE  changes;  Zwicker  and 
Scherer  (1987)  found  that  psychophysical 
changes  were  about  1.5  times  OAE  changes  in 
a  masking  period  paradigm,  and  Long  and 
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Tuba  (1968)  fouod  due  OAE  d— ys  due  10 
aspirin  were  about  15  tits  the  ptydKyhpi- 
cal  dtaopcs.  The  evidence,  therefore.  does  not 
support  a  doubled  effect  on  OAEs. 

Suppression. 

The  second  type  of  s—okaoeous  infio- 
ence  on  the  generation  of  OAEs  «  supprcwioa 
of  the  response  to  a  stimulus  by  another  sig¬ 
nal.  Again,  in  a  linear  system  this  suppression 
would  noc  occur.  The  most  readily  observed 
form  of  suppression  s  bf  a  frequency  compo¬ 
nent  doseto  that  of  (be  response.  Bf  setting  a 
certain  criterion  for  suppression  (eg,  by  3 
dB),  it  becomes  possible  to  define  an  isosup¬ 
pression  contour  in  tbc  Icvd-freqocncy  do¬ 
main.  A  number  ,  of  studies  have  iterated 
such  curves  (Kemp,  1979:  Kemp  and  Chum, 
1980;  Wibon,  1980a;  Schlctfa,  1981;  Shade  ct 
ad,  1981;  Wilson  and  Sutton,  1981;  Zurefc  and 
a  ark,  19&1;  Rabinowitz  and  Wkhn,  1984; 
Baker  ct  al,  1989;  Bargoocs  and  Bums,  1988X 
which  show*  similar  bandwidths  to  audhory 
tuning  curves  obtained  either  ps>choacou$ti- 
cally  or  physiologically.  In  genoal,  however, 
maximal  suppression  is  obtained  for  a  tone 
slight!}'  higher  than  the  OAE  frequency,  the 
opposite  to  what  would  be  anticipated  from 
upward  spread  of  masking.  Although  the  effect 
is  small,  no  explanation  has  )ct  been  offered 
for  it. 

Studies  of  the  growth  of  suppression  with 
stimulus  level  (Kemp  and  Chum,  1980;  Zurck, 
1981;  Rabinowitz  and  Widin,  1984)  have 
$how*n  that  the  effect  is  considerably  more 
steep  for  frequencies  below*  the  OAE,  or  can 
be  complex  (Sutton,  1985).  In  general,  the 
suppressive  behaviors  of"  click,  tone-evoked, 
and  spontaneous  OAEs  are  similar.  In  the  ease 
of  SOAEs,  however,  the  situation  is  somewhat 
more  complicated  because  a  comparatively 
small  reduction  in  the  active  process  may  be 
sufficient  in  some  eases  to  stop  oscillation,  and 
because,  when  the  stimulus  is  close  to  the 
SOAE  frequency,  it  can  lock  it  to  the  same  fre¬ 
quency  (Wilson  and  Sutton,  1981),  Two  fur¬ 
ther  effects,  remote  suppression  and  fre¬ 
quency  shifting,  will  be  discussed  separately 
later. 

The  fact  that  frequencies  close  to  the  OAE 
frequency  arc  effective  suppressors  implies 
that  suppression  would  also  occur  at  the  OAE 
frequency.  This  is  an  alternative  way  of  look¬ 
ing  at  the  nonlinear  input-output  function,  be¬ 
cause  both  effects  depend  on  the  same  pro¬ 
cess.  This  Is  apparent  in  the  sim^Iow  levels 
at  which  these  effects  occur. 


DeWorrioa  products  (DPs)  in  bearing  kmc 
long  remained  a  fcrtflc  area  for  research  in 
riew  of  their  —ad  behavior.  Two  features 
have  been  of  pvtkahr  interest:  (1)  rfarir 
Ic  eMsdependenc  behavior  and  triatace 
down  *o  low  so— d  levels,  and  (2)  their  fre¬ 
quency-specific  behavior,  —hearing  —  and¬ 
ante  connection  with  the  process  of  fre¬ 
quency  analyst  These  propenks  arc  particu¬ 
larly  apparent  with  the  ctfoic  ddkrrencc  tone 
(CDTX  2f,  —  4,  which  has  been  most  exten¬ 
sively  researched  (Wfcon.  1980d>.  This  com¬ 
ponent  has  also  been  extensively  anvesrigaced 
in  OAEs  (CDTOAEs)  and  indicates  that  it  has 
uscfiil  properties  in  the  present  context  as  a 
potential  objective  indicator  of  semporary  or 
permanent  bearing  loss. 

Attempts  to  confirm  that  audfoic  DPs 
correspond  whh  CDTOAEs  have  met  with 
variable  results.  Wibon  (I990d)  found  that 
CDTOAEs  were  strongest  at  frequencies  at 
which  2f,  —  f2  corresponded  with  a  strong 
singk-tonc  emission  frequency  and  corre¬ 
sponded  approximately  in  levd  with  that  pre¬ 
dicted  from  psychophysical  cancellation  levels 
attenuated  and  compressed  by  the  OAE  mech¬ 
anism.  Other  studies  have  revealed  different 
properties,  indicating  a  second  source  for  the 
CDTOAE  in  which  the  response  appears  not 
to  depend  on  cochlear  inhomogeneities, 
shows  little  delay  (Kemp  and  Brown  1983ajb) 
and  exhibits  much  less  evidence  of  saturation 
(Martin  ct  al,  1987;  lonsbuiy-Martin  ct  al, 
1987X  The  possible  use  of  CDTOAEs  in  as¬ 
sessing  short-term  and  permanent  fosses  of 
hearing  will  be  discussed  later. 

Frequency  Shifting 

It  has  been  noticed  that  in  an  SOA&sup- 
press  ion  experiment,  the  effect  of  the  “sup¬ 
pressor"  may  be  to  shift  the  frequency  of  the 
SOAE  even  at  levels  below  that  producing  am¬ 
plitude  suppression  (Wilson  and  Sutton,  1981; 
Rabinowitz  and  Widin,  1984;  Koss!  and  Vater, 
1985;  Baker  ct  al,  I^89>  Wilson  et  al  (1988) 
have  related  this  effect  to  a  slight  increase  in 
the  latency,  of  individual  features  of  the  click- 
evoked  OAE  as  a  function  of  dick  levd  (Kemp 
and  Chum,  1980;  Wilson,  1980a;  Grandori, 
1985)  to  a  decreasing  OAE  tuning  frequency 
with  level,  to  a  decrease  in  the  frequendes  of 
car-canal  sound-pressure  interference  minima 
as  a  function  of  level,  and  to  psychophysical 
changes  of  pitch  with  intensity  (van  den 
Brink,  1979;  Versdiuurc  and  van  Mectercn, 
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r  rt  if.  tMiap  CrapoKf,  CDmapanSiaf; 
wirh  m  «pnrd  p*di  slaift.  op  ao  60  dB  SH 
Sttmv'  rale  tefr  apples  atwre  this  lend, 
•where  p&±  then  Afe  Amwrjnl  for  kw  fre- 
qocwcks  aud  Mprad  for  high  fayoKkx. 
There  is  not  rd  a  sariificioty  explanation  for 
airc^lhcxfrcfK^jlHftdeas. 

Remote  Suppression 

As  <feat»cd  earlier.  OAE  suppression 
cones  restwHc  pntkaawiic  aid  ocwro 
pinsioiopc  toning  cams.  U,  htwtner.  mer 
Mvanenb  are  encoded  to  reports  taorc  re¬ 
mote  front  the  OAE  frequency.  a  farther  lobe 
of  suppression  is  sometimes  {band  (Eras  cl 

1981;  Zarck.  1981;  Viboo  aod  Sntsoo, 
1985)-  Cue  should  be  uken  to  ensue  tha 
this  is  true  suppression  rather  than  a  byprod¬ 
uct  of  a  frequency  shift  (Wilson  and  Sotzon. 
1983)  An  alternative  method  to  investigate 
suppression  is  that  adopted  by  Sun  on  (1985). 
Lseg  HTs  of  dset  responses  with  and  wish¬ 
ed  a  suppressing  tone,  be  observed  dm  cer¬ 
tain  frequency  regions  were  particularly  sus¬ 
ceptible  to  suppression  even  by  a  remote 
masking  toot  He  also  found  that  curv  es  some¬ 
times  crossed,  indicating  a  decrease  in  OAE 
amplitude  with  stimulus  level,  probably  imply¬ 
ing  cancellation  from  two  different  sites  of 
generation.  Remote  suppression  is  interesting 
because  it  appears  to  indicate  mechanical  in¬ 
teraction  over  long  distances;  but  again  no  ex¬ 
planation  can  vet  be  offered. 

Temporary  Influences 

A  number  of  influences  arc  known  to  af¬ 
fect  hearing;  the  car  normally  recovers  from 
them  on  a  time  scale  that  depends  on  the  na¬ 
ture  and  strength  of  the  disturbance.  The  cor¬ 
responding  changes  to  OAEs  will  be  consid¬ 
ered  under  the  headings  of  the  effects  to 
which  they  appear  to  relate:  (1)  masking  pe¬ 
riod  patterns.  (2)  temporal  suppression.  (3) 
temporary  threshold  shift,  (4)  hypoxia,  and 
(5)  drug-induced  changes.  This  is  an  area  of 
study  that  shows  the  dose  link  between  OAEs 
and  conventional  measures  of  hearing 

Masking  Period  Patterns 

The  masking  period  pattern  (MPP)  tech¬ 
nique  measures  the  psychophysical  threshold 
for  a  short  test  tone  at  various  phases  of  a  very 
low-frequency  masker  (Zwickcr,  1977)  The 


h*a  t  rfcfoif  Ac  inrhuirjnr  is  that  the  3wr4c- 

mem  «o  the  totfcir  aatot;  thereby  to- 
«*g  the  opentiug  pome  cf  i he  transduction 
process,  la  the  covropoodfog  measures  on 
OAEs.  (he  cvyfoag  nimhs  if  placed  ae  vvi- 
oa»  piuns  of  the  kw-fciquiacY  suppressor  to 
produce  a  soppreswoo  period  pattern  (SPP) 
(Zridccraaddteler,  1961)  due  corresponds 
ridi  the  MPT  (Zwickcr.  1961)  Using  three 
ddcreai  masking  or  suppressing  pressure 
function*  based  oa  a  Gjdms  impulse. 
Zwickcr  and  Scherer  (1967)  were  Me  to 
show  cxccMcar  agreement  between  MPPs  aod 
SPPs.  Maximum  disturbance  appeared  to  oc¬ 
cur  at  the  artv  inuim  positive  nine  of  (he  sec¬ 
ond  derivative  of  the  pressure  waveform.  Ai- 
thoofh  the  changes  in  MPP  were  subtly 
larger  than  SPP  changes  (3:2)  this  could  be 
accounted  for  by  the  nonEncor  behavior  of 
OAEs.  As  the  days  to  MPP  2nd  SPP  appear 
simultaneous  with  the  changes  in  pressure 
waveform,  it  could  be  ar^icd  that  these  re¬ 
sets  should  be  considered  simultaneous  influ¬ 
ences. 

Temporal  Suppression 

In  a  dick-evoked  OAE,  the  response  typi¬ 
cally  extends  from  5  to  15  milliseconds  after 
the  stimulus.  By  adding  a  second  dick  at  vari¬ 
ous  times  before  or  after  the  stimulus  it  is  pos¬ 
sible  to  localize  the  time  when  maximum  sup¬ 
pression  occurs.  Kemp  and  Chum  (1980) 
used  this  technique  with  an  alternating  polar¬ 
ity  for  the  suppressor  so  that  neither  this  nor 
any  response  that  it  evokes  would  appear  in 
the  averaged  response.  The  maximum  sup¬ 
pressive  effects  of  about  20  dB  occurred  when 
stimulus  and  suppressor  coincided,  dropping 
to  3  dB  at  about  6  milliseconds  before  or  3 
milliseconds  after  the  stimulus.  These  proper¬ 
ties  show*  strong  similarities  with  forward  and 
backward  masking  (DuiJhuis,  1973) 

Temporary  Threshold  Shift 

A  number  of  studies  have  shown  that 
acoustic  overstimulation  that  would  normally 
give  rise  to  temporary  threshold  shift  (ITS) 
also  reduces  OAEs.  Anderson  and  Kemp 
(1979)  showed  that  OAEs  in  monkeys  ex¬ 
posed  to  wideband  noise  for  20  minutes  at 
115  dBA  w  ere  virtually  abolished.  Kim  ( 1980) 
showed  that  exposure  to  2,000  Hz  at  90  dB 
SPL  for  2  minutes  in  cats  reduced  the 
CDTOAE  by  about  7  dB,  with  partial  recovery* 
after  15  seconds.  Following  overstimulation,  a 
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period  «ff  odoicaKfli  aod  periodic  fcc- 
queocy  cfaacges  an  ao  SOAE.  m  adrftxMi  so  the 
expected  SoXv  were  OKed  be  Kemp  (15*61). 
Kemp  (1962)  fold  «1pc  loocoeemi— laior 
produced  its-  greatest  cMcct  cm  O.VB  at  a  ftc- 

<pciKrO^<xi>tt(dwteilK»Mb&te 
pnwc^OAEcixaopesaodTIS  showed  par- 
Jd  -cmckSw  with  the  dca  oa  OAEs  pener- 
2 *y  bong  dom  025  to  035  «(  *c  TI5,  re- 
sakmg  *°  2111  coa  apanax  if  aBowaocc  is 
node  foe  an  iopocouqxx  slope  of  03  dB  per 
dedbd  for  OAEs.  WHsoo  and  Erw  (1965) 
measured  an  OAE  at  233  kte  in  a  cat  aod 
foood  that  white  noise  ac  57  dBSPL  per  H/ foe 
minute  produced  a  Ak®  loss  that  was  re¬ 
covered  in  3  minutes  Al5tUz  tone  at  103 
dB  SPL  for  1  minute  reduced  the  OAE  by  18 
dB.miib  substantial  recovery  over  10  mmoles, 
whereas  a  5iHz  tone  at  110  dB  SPL  for  1 
minute  had  lstxle  effect. 

Zwickrr  (1985)  compared  the  TTS  at 
1350  Hz  produced  by  20-mina^  exposure  to 
a  40-Hz  112-dB  SPL  tone  with  tbc  effects  oa 
O.VEs  and  oa  the  c2ncciiaxioa  kvds  of  CDTs. 
AH  three  functions  showed  similar  maximum 
shafts  of  10  lo*15  dB  at  2  to  3  minutes  and 
similar  recoveries  to  the  pre-exposure  levd  af¬ 
ter  10  minutes.  Schmkdl  (1986)  compared 
tbc  effects  ofi  half  octave  "bands  of  noise  cen¬ 
tered  on  3.1  kHz  oo'CDTOAEs  and' whole- 
nerve  action  potentials  in  cats  and  gahds.  Al¬ 
though  absolute  levels  were  different,  the  rel¬ 
ative  changes  were  similar,  showing  peak  loss 
at  4  to  S  kHz.  There  were,  however,  discrep¬ 
ancies  at  some  frequencies  and  betw  een  some 
of  the  rates  of  recovery.  Lonsbury -Martin  ct  al 
(1987)  looked  at  the  effects  of  tone  overstim¬ 
ulation  (283  kHz;  90  dB  SPL,  4 5  minutes)  on 
a  number  of  distortion  products  in  the  rabbit. 
The  COT  (2f,  —  f2)  showed  consistent  loss 
and  recovery  properties  (apart  from  some 
overshoot  at  high  frequencies);  the  maximal 
loss  occurred  at  a  frequency  (2  to  3  kHz)  that 
implicated  the  primary  tone  place,  when  al¬ 
lowance  was  made  for  the  half-octave  shift. 
The  other  distortion  products  (2f2  —  f(  and 
3f2  “  2fj)  behaved  much  less  consistently,  fre¬ 
quently  showing  an  increase  after  stimulation. 
CDTOAEs  were  no  different  between  the 
awake  and  anesthetized  animals,  and  TTSs  and 
recoveries  were  observed  up  to  an  hour  post¬ 
mortem.  Martin  ct  aJ  (1987X  in  the  same  se¬ 
ries  of  experiments,  showed  that  suppression, 
an  interfering  tone,  and  tone  overstimulation 
produced  their  maximal  effects  in  the  region 
of  the  primary  tones,  not  at  the  CDT.  Again, 
results  for  2f2  -  f,  were  much  more  variable, 
but  pointed  towards  greatest  sensitivity  basal 
to  the  2(2  —  f|  place. 


Hyp ana 

Tbc  cMccts/Xbvpoxixm  cats  were  noted 
by  Kim  (1900);  a  rcvcrrible  itdoctk*  io 
CDTOAE  was  prodoccd  from  about  125  m- 
a» es  a fter  rlf  inf,  tbc  trachea.  Evans  ct  al 
(1961)  found  th at.  2  minutes  after  rcdociog 
the  owfua  concentratioo  so  5  percent,  an 
SOAE  and  its  dcorial  correlate  in  a  pma 
pig  rapidh-  eered  and.  about  2  minutes  after 
restoration  cf  oxygen  level,  suddenly  recom¬ 
menced  with  a  1-  so  2-dB  overshoot.  Zwickcr 
and  Manley  (1981).  also  in  a  pane*  pig.  found 
that  an  OAE  at  2  kHz  decreased  at  30  to  60 
seconds  after  induction  of  hypoxia,  disap¬ 
peared  af  lOO  seconds,  and  darted  to  return 
abocn -100  seconds  after  effect  of  hypoxia.  Sob- 
jtaxial  recovery  had  occurred  by  300  sec- 
ends,  bet  was  not  complete  even  at  800  sec¬ 
onds.  Although  no  direct  comparisons  w ere 
m*v-  these  results  correspond  with  single  co¬ 
chlear  fiber  propertied 

Drug-Induced  Changes 

The  first  dass  of  agents  to  consider  is  an¬ 
esthetics,  It  is  generally  considered  that  nor¬ 
mal  anesthetic  lev  els  have  no  influence  on  co¬ 
chlear  function;  this  view  is  supported  by  a 
number  cf  OAE  studied  In  practice.' most  hu¬ 
man  subjects  zre  awake  for  measurements 
whereas,  for  purposes  of  restraint  at  least, 
most  animal  measurements  arc  donclindcr  an¬ 
esthetic  Lonsbu  rv-Mart  in  ct  al  (15187)  com¬ 
pared  input-output  curves  in  the  rabbit  for 
OAEs  at  3f|  -  2f£  2f,  -  f*  and  2f2  -  f,  with 
and  without  anesthetic  and  found  identical  re¬ 
sults  under  all  conditiond  On  the  other  hand, 
in  the  bat,  Picronotus  pom  cl  hi,  Kossl  and 
Vatcr  (1985)  found  that  Nembutal  and 
halothane  both  decreased  the  amplitude  and 
frequency  cf  an  OAE  Furthermore,  during 
awakening,  the  amplitude  of  the  OAE  varied 
consistently  with  the-  bchaviorally  observed 
and  evoked  levels  of  arousal  There  is,  how¬ 
ever,  a  considerable  amount  of  evidence  that 
in  bats,  the  cochlea  is  sensitive  to  anesthesia, 
with  even  the  cochlear  microphonic  showing 
differences  (Poliak  eta!,  1972).  In  the  starling, 
Manley  ct  al  (1987)  also  found  that  anesthet¬ 
ics  (halothane.  Nembutal,  and  Ketanest)  re¬ 
duced  OAEs,  but  in  the  ease  of  halothane,  OAE 
recover}'  (50  percent  in  200  seconds)  was 
slower  than  the  behavioral  recovery'  of  the 
birds  (15  seconds).  Undoubtedly,  there  arc 
species  differences  in  the  effects  of  anesthetic. 
In  the  ease  of  frogs,  Whitehead  ct  al  (1986) 
used  various  anesthetics  purely  for  restraint 
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and  coadoocd  frcortSog  SOAEs  oocH  the  frog 
moved  away  from  the  recording  ntcrophooc. 
men  aaoj  a3am&  afa’^pjnjBjeofltdW' 
ness,  fas  otxy  cuc,  when  cwicacd  for  tem¬ 
perature.  (be  SOAEs  <fid.no;  ixr  fas  xapU- 
tad c  or  frcqoqxr  midi  aatbthcuc  or  arousal 
kttL 

A  tape  number  rf  sm£cs  have  shown 
dnops  fas  OA£  corresponding  with  their 
known  or  measured  effects  on  bearing  of  oto¬ 
toxic  drugs.  Anderson  and  Kemp  (1979) 
found  in  uioakeys  that  cthacxynic  acid  (55  mg 
per  kilogram  A’)  reduced  the  OAE  by  15  dB 
to  background  noise  level  J.6  minutes  afioc  in¬ 
jection;  recovery  started  it  45  minutes'  and 
was  complete  br  19  hours.  Furosemide  (40 
mg  per  Irifogram  IV)  caused  a  substantial  re¬ 
duction  after  2  minutes,  maximal  effect  at  4 
minutes,  and  considerable  recovery  by  30 
minutes.  \?tbon  and  Esans  (1983)  found  that 
in  the  cat  furosemide  (37  mg  per  kilogram  IV) 
abolished  tbc^OAE  after  1  minute;  consider¬ 
able  recovery  occurred  by  23  minutes,  bet 
with  a  somewhat  different  response  pattern. 
On  the  other  hand.  Flax  edd  (30  mg  per  kilo¬ 
gram  IV)  a  muscle  relaxant,  had  no  effect.  As¬ 
pirin  has  been  tested  in  several  studies, 
johnsenand  fclbertmg(l982),  testing  a  human 
subject  (10  g  every  24  hours,  oral),  found  that 
the  psychophysical  threshold  to  clicks  and  the 
pseudothrohold  for  OAEs  were  cadi  raised 
by  15  dB,  with  full  recover)-  for  both  after  2 
days.  McEadden  and  Plattsmicr„(198f),  also 
testing  human  subjects,  gavea  total  dose  cl 
15-6  g  distributed  over  3.75  days  and  ob¬ 
served  its  influence  on  SOAEs.  Small  emissions 
went  w  ithin  14  to  20  hours  of  the  start  of  as¬ 
pirin  intake,  whereas  large  emissions  some¬ 
times  took  several  days.  Recovery  was  more 
erratic,  taking  from  one  to  sev  eral  days  inde¬ 
pendent  of  the  initial  emission  size.  These  au¬ 
thors  seemed  surprised  that  their  low  er  dose 
rite-  should  completely  abolish  all  SOAEs. 
whereas  the  dick-evoked  OAEs  of  Johnsen 
and  EJbcrlmg  were  merely  “diminished"  This, 
of  course,  is  not  surprising  in  a  feedback  oscil¬ 
lator  in  which,  with  marginal  gain,  a  small  Joss 
could  causc  ihe  system  to  cease. to  oscillate. 
Conversely,  if  the  system  has  excessive  gain 
and  a  strongly  saturating  nonlinearity,  stable 
oscillation  could  be  maintained  with  consider¬ 
able  decreases  in  the  gain  factor.  Both  of  these 
effects  were  seen  in  the  study  cf  Long  and 
Tubis  (1988).  who  used  the  same  dose  rate, 
although  dearly  from  their  icsults  the  situa¬ 
tion  is  more  complicated  In  manycascs,  aspi¬ 
rin  appeared  to  enhance  hearing  before 
threshold  elevation  occurred,  with  a  corre¬ 
sponding  enhancement  phase  during  recov¬ 


er.  fa>  some  subjects,  at  some  frequencies.  a 
ccRStoct  enhancement  was  found  Loogacd 
Tobts  interpret  this  as  being  doc  to  the  release 
from  the  masking  produced  by  an  SGAE  after 
it  is  abofohed  they  taodd  this  eject  with  a 
Vac  dcr  Pol  osdQator.  Taking  these  factors 
■wo  account,  there  appears^,  to  be  consistent 
agreement  between  bcariDg  and  the  degree  of 
ioroh  emenc  of  the  active  mechanism. 

'  Permanent  Hearing  Loss 

Kemp  (1978)  investigated  25  cases  of 
sensorineural  boring  loss  with  normal  mid¬ 
dle-ear  function  and  found  that  the  OAE  was 
reduced  and  became  unmeasurable  when  the 
hearing  loss  exceeded  30  dB.  Four  subjects 
with  immobile  middle  cars  zbo  filled  to  ex¬ 
hibit  rchc  phenomenon.  Rutten  (1980)  found 
•hat  the  hearing  los^  at  a  specific  frequency 
had  to  be  less  than  15  dB  for  an  OAE  to  be 
found  at  that  frequency.  Bonfib  ct  £1  (1988) 
reported  dial  OAEs  could  not  be  observed  in 
patients  with  scnorincural  hearing  loss  when 
subjective  dick  threshold  exceeded  30  dB  HL 
Although  two  Judies  (KoIImcicr  and  Uppen- 
kamp,  1989;  Tanaka,  198S)  have  implied  that 
OAEs  were  present  for  Josses  considerably  ex¬ 
ceeding  30  dB.  neither  study  gives  any  indica¬ 
tion  that  stria  criteria  were  applied  to  oc¬ 
clude  late,  low-level  components  o^thc  mid¬ 
dle-ear  response. 

In  many  cases;  SOAEs  have  been  found  at 
frequencies  associated  with  irregularities  in 
the  audiogram.  Wilson  and  Sutton  (1981)  re¬ 
ported  several  eases  in  which -SOA£s  were 
found  Ei  a  legion  of  normal  hearing  adjacent 
’  to  a  region  with  elevated  threshold,  and  sug¬ 
gested  that  *he  active  mechanism  might  be  en¬ 
hanced  by  such  an  edge  effect.  This  idea  was 
further  developed  by  Ruggero  ct.al  (1983) 
when  they  suggested  that  a  normally  active  re¬ 
gion  of  file  basilar  membrane  damps  the 
neighboring  regions  and  fails  to  do  so  when 
the  aaivc  mechanism  breaks  dow*n.  In  fact, 
not  all  data  fit  this  picture  because  sometimes 
the  SOAEs  appear  to  originate  from  the  patho¬ 
logic  region.  There  are,  however,  two  ways  in 
which  this  might  occur.  Firstly,  the  frequency 
of  an  SOAE /actually  fiom  the  intact  region 
may  be  modified  by  the  adjacent  pathologic 
region;  secondly,  the  elevation  of  threshold 
might  represent  psychophysical  masking  by 
theSOAE 

Glanvillc  et  al  (1971)  investigated  three 
members, of  a  family  emitting  whistles  from 
their  cars.  These  whistles  proved  to  have  an 
enormous  number  of  frequency  components. 
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impaired  nrntanK  In  the  normal  mice;  the 
CDTOAE  was  20  to  25  dB  bekM*  the  prima- 


bot  sapufeaneJr,  an  three  ears,  the  strooges* 
component  (5.6  to  8  kHz)  corresponded  midi 
an  aodiographic  notch  of  50  to  60  dB  SPL 
"Wilson  and  Sutton  (1983)  reinvestigated  twx> 
of  these  subjects  and  were  able  to  confirm 
that  their  emissions  behaved  Ox  SOAEs,  al¬ 
though  their  amplitudes  had  decreased  from 
55  to  60  dB  SPL  to  40  to  45  dB  SPL  Although 
masking  by  the  SOAEs  appeared  plausible  as 
an  explanation  for  the  audiogram  notches,  the 
spectra  and  their  predicted  masking  patterns 
did  not  exactly  agree  with  the  audiograms. 
Huizing  and  Spoor  (1973)  reported  a  subject 
with  an  emission  at  3-5  kHz,  now  presumed  to 
be  art  SOAE,  adjacent  to  as  audiogram  dip  at  4 
kHz. 

In  a  studv  on  chinchillas,  Zurck  and  dark/ 
(1981)  fount!  that  none  of  22  cars  of  15  ani¬ 
mals  raised  in  a  sound  shield edcokxiyhad  an 
SOAE,  whereas  after  sustained  exposure  to 
loud  sound,  two  cars  produced  SOAEs.  The 
fire- animal’s  emission  was  sensitive^  to  sup¬ 
pression  and  occurred  cither  between  4.6  and 
4.73  kHz  or  between  5-68  and  5J38  kHz.  In 
the  other  animal,  the  SOAE  frequency  would 
suddenly  jump  within  the  range  6.47!0  6.68 
Ulz.  A  behavioral  audiogram  show  ed  a  perma¬ 
nent  threshold  shift  for  every  frequency  ex¬ 
cept  6.7  kHz,  and  histology  later  rescaled  a 
punctate  region  of  hair-cell  loss  at  7  kHz.  Le¬ 
sions  w  etc,' however,  also  found  at  another 
point  nc*  r  the*  center  of  thccochlea  and  in  the 
apical  rfegZutL  Furthermore,  the  three  other 
exposed  ears  also  exhibited  punctate  basal  le- 
sions^thus,  their  existar.ee  is  not  a  sutfiden' 
condition  for  generation  of  SOAEs. 

Ruggerq  et  al  (1983)  found  an  SpAE  at 
7,53  kHz  in  a  region  qf  elevated  threshold  ex¬ 
tending  from  4  kHz  and  becoming  particularly 
prominent  at  a  frvquenqyjust  below*  it,  at  7 
kHz.  Ruggero  et  al  (1981)  investigated  a  dog 
with  a  strong  SOAE  of  59  dB  SPL  at  9-1  kHz  in. 
one  ear  and  a  four-component  SOAE  in  the 
other  car  (9.4  to  10.9  kHz).  Brain-stem  audi¬ 
ometry-indicated  a  sudden  transition  from 
presumed  normal'  to  abnormal  hearing  bc\ 
t\vcen  7  arfe;8  kHz  and  a  further  loss  to  10 
kHz.  In  this  ease,  as  in  the  human  ease  of  Gian- 
villc  et.  al  (1971)* and  Wilson, and  Sutton 
(1983)r  the  SOAE  lies  in  the  pathologic  re¬ 
gion,  although  this  again  may  merely  repre¬ 
sent  pmking  by  the  SOAE  Suppression  of  the 
SOAE  vvas  greatest  for  lower  frequencies,  con¬ 
trary  to  most  of  die  cases  discussed  earlier. 

Finally,  a  ditie^enL  approach  to  the  rela¬ 
tion  be  tweet  r  hearing  level  and  OAEs  is  pro¬ 
vided  by  mutant  mice,,  Homer  et  a!  (1985) 
investigated  two  types  of  mice  with  nor¬ 
mal  hearing  and  four  typ$s  of  hearing- 


rics  (f,  and  fz)  at  60  to  100  dB  SPL  In  bearing 
impaired  mutants,  the  results  depended  on  the 
type  of  dysfunction.  In  deafness  and  viable 
dominant  spotting  mutants,  in  winch  the  co¬ 
chlea  is  severely  disrupted,  no  CDTOAEs 
could  be  detected.  The  quivering  mutant, 
however,  in  which  the  dysfunction  is  central, 
show  ed  normal  CDTOAEs.  The  Bronx  Waltzer 
mutant,  in  which  the  outer  hair  edis  appear 
normal  but  the  inner  hair  edis  are  reduced  in 
number,  showed  detectable  but  reduced  CD¬ 
TOAEs. 

From  all  the  results  considercd  in  this 
chapter  it  is  dear  that  there  is  a  dose,  if  not 
exact,  correspondence  between  hearing  level 
and  otoacoustic  emission.  Both  stimulus  fre¬ 
quency'  and  CDT  emissions  can  provide  sensi¬ 
tive  monitors  of  changes  in  hearing,  even 
though  absolute  levels  may  not  be  reliable  in¬ 
dicators  of  absolute  hearing  IcvcL  OAE  data 
also  provide  informative  constraints  to  model¬ 
ing  cochlear  function,  and  appear  to  suggest 
that  the  active  process  might  not  be  the  pri¬ 
mary  site  of  physiological  vulnerability'. 
Clearly  this  is  an 'Important  matter  to  be  re¬ 
solved. 

Oto-Emissions 
Acoustiques  et  Deficits 

Audities 

"/  * 

Un  processus  d'amplification  mecanique 
existc  dans  la  cochlcc  afin  dc  maStriscr  son 
amortizement  mecanique.  II  en  rcsultc  unc 
scnsibilitc  augmentcc  et  unc  analyse  spectrale 
fine.  Dans^un  systeme  simple  ces  mcsurcs  sc- 
rait-nt  dircctemcht  relict?.  II  cxis'c,  cepcn- 
dant,  unc  dissociation  evidente  entre  les  stuils 
auditifs  et  la  largeur  dc  bandc  du  filtre.  Kean.- 
moins  il  apparait  qu’une  pritc  dc  scnsibilitc 
'auditivg  est  due  k  unc  reduction  du  processus 
d'amplification.  Lc  phenomcnc  d’oto-cmission 
acoustique  (OAE)  est  un  %ous-produit  dc 
1’ampl ification  mecanique.  Cette  hypothec  est 
bascc  sur  le  fait  que  plusicurs  manipulations 
connuca  pour  avoir  unc  influence  sur  Ic  syuil 
auditif.  infiucncent  les  oto-cmissions  acous¬ 
tiques  de  la  memc  fa^on.  Cela'incluMcs  pertes 
auditives  ncuroscnsoriclles  dc  tous  types  qui 
ont  etc  etu dices,  la  fatigue  auditive,  Ic  mas- 
quage  simultanc  ou  anticfpe,  la  courbc  dc 
masquage  periodique^t  les  effets  dc  l’hypoxie 
et  dcs  drogues  ototoxiques.  Ces  effets  ont  etc 
observes  Iargcment  dans  les  etudes  sur 
Ihommc  et  sur  l’animal.  I)c  tellcs  rechcrches 


96 


COCHLEAR  MECHANISMS 


ocM  utilise  comme  adac  anc  reduction  dcs 
oco<nris5iorK  pmroqfl^s  par  dcs  dies  ou 
sons  beds,  ics  otocmissioos  par  pfpdoit  de 
distortion,  one  reduction  ou  unc  suppression 
dcs  ococmissions  spoouaecs.  Ii  exbtc  ccpen- 
dam  dcs  phenomena  qul  apparaxsscot  pour 
corapliqucr  Jc  probfonc  ids  qoele  devri- 
opperoent  dcs  ococmissions  spontanea  zprts 
h  sursiimutuion  sooorc,  ct  dcs  observations 
frequences  doio-cmissions  aooustiques  a  Iz 
Uniitc  emre  unc  zone  normak:  ct  one  zone 
paihok)giquc;dc  ia  g immc  audijivc  Ccs  dc- 
couvcncs  nc  sont  pas  toutefots  cn  contradic¬ 
tion  avee  ccnains  types  dc  modclcs  conccr- 
nant  Ics  mccanismcs  dcs  oto- emissions.  11  est 
suggerc  que  l'allurc  dcs  changcmems  dcs  oto- 
dnissions  acoustiqucs,  pour  nit  consumer  un 
indicatcur  sensible  et  objectif  dcs  tons  pre¬ 
miers  stadcs  dcs  deficits  audiiifc  induils  par  !e 
bruit. 
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Theories  -about  .cochlear  mechanics  have 
undergone  major  revisions  during  the  1970s 
and  1980S.  The  issues  of  the  linearity  versus 
nonlinearity  and  the  tuning  sharpness  of  co¬ 
chlear-partition  motion  - vs  ere  often  debated 
(Rhode,  1971;  Wilson  and  Johnstone,  1975; 
Evans  and  Wilson,  1973;  Kim  et  al,  1973;  Kim 
and  Molnar,  1975).  The  discovery  of  click* 
evoked  otoacoustic  emissions  (CEOAEs)  by 
Kemp  (1978)  occurred  during  this  period 
In  the  subsequent  few  >cars,  other  forms  of 
otoacoustic  emissions  (OAEs)  were  also 
found:  distortion-product  otoacoustic  emis¬ 
sions  (DPOAEs)  with  two-tone  stimulation 
(Kemp,  1979;  Kim,  1980),  stimulus-frequency 
otoacoustic  emissions  (SFOAEs)  with  continu¬ 
ous  purc-tonc  stimulation  (Kemp  and  Chum, 

1980) ,  and  spontaneous  otoacoustic  emissions 
(SOAEs)  (Kemp,  1979;  Wilson,  1980;  Zurck, 

1981) .  These  observations  of  the  OAEs  played 
an  important  role  In  supporting  nonlinear  co¬ 
chlear  theories  because  the  OAEs  demon¬ 
strated  prominent  nonlinear  behavior.  Soon 
thereafter,  by  using  improved  measurement 
methods,  Rhode  (1978),  Sellick  et  al  (1982), 
Khanna  and  Leonard  (1982),  and  Robles  et  al 
( 1986)  demonstrated  sharp  tuning  and  nonlin¬ 
ear  behavior  in  the  motion  of  the  cochlear 
partition. 

Gold  proposed  an  active  cochlear  hypoth¬ 
esis  in  1918.  The  observation  of  prominent 
•SOAEs  three  decades  later  provided  a  major 
support  for  active  cochlear  models  that  con¬ 
tains  internal  energy  sources  (Kim  et  al,  1980, 
Neely  and  Kim,  1983,  1986,  Davis,  1983; 
Zwickcr,  1986a,b;  Geislcr,  1986;  Tubis  et  al, 
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1989).  The  active  cochlear  models  postulate 
that  cochlear-partition  damping  is  reduced  by 
an  internal  energy  source.  These  active  mod¬ 
els  demonstrated  an  amplification  of  cochlear 
mechanical  response  and  a  sharpening  of  fre¬ 
quency  tuning.  An  emerging  current  concept 
is  that  the  cochlear  mechanical  system  is  both 
active  and  nonlinear,  reflecting  saturation  of 
an  active  positive  feedback  (Zwickcr,  I986ab, 
Neely,  1988). 

According  to  several  lines  of  reasoning, 
the  outer  hair  cells  (OHCs)  arc  believed  to  be 
the  source  of  both  active  and  nonlinear  behav¬ 
ior  of  the  cochlea  (Kim,  1984).  Evidence  in 
support  of  the  possible  active-nonlinear  nic- 
chanlcal  role  of  OHCs  was  provided  by  the 
observation  that  activation  of  the  crossed 
olivocochlear  efferent  fibers  affected  car-canal 
acoustic  signals  (Mountain,  1980;  Siegel  and 
Kim,  1982;  Guinan,  1986;  Kemp  and  Soutcr, 
1988),  These  observations  implicated  a  bio¬ 
mechanical  role  for  OHCs,  because  the  effer¬ 
ent  fibers  make  large  synaptic  contacts  di¬ 
rectly  with  the  soma  of  OHCs  and  not  with 
the  soma  of  IHCs.  OHC  motility  was  discov¬ 
ered  in  the  mid-1980s  by  direct  observation  of 
isolated  OHCs  in  vitro  under  electrical  or 
chemical  stimulation  (Brownell  et  al,  1985; 
Zenner  ct  al,  1985).  Subsequent  studies  have 
provided  further  information  about  OHC  mo¬ 
tility  (Flock  et  al,  1986;  Ashmore,  1987,  San- 
tos-Sacchl,  1989;  Biundin  et  al,  1989). 

The  experimental  and  theoretical  studies 
cited  above  suggest  the  following  hypothesis 
about  cochlear  mechanism:  the  active-nonlin¬ 
ear  motile  mechanism  of  OHCs  amplifies  co- 
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chlcar  partition  motion  100  to  1,000  times 
(40  to  60  dB)  and,  as  a  bvproduct,  produces 
various  forms  of  OAEs.  This  hjpothesis  pre¬ 
dicts  that  damage  of  OHCs  fn  a  region  of  the 
cochlea  should  lead  to  (1)  an  elevation  of 
hearing  threshold  (up  to  40  to  60  dB)  for  fre¬ 
quencies  corresponding  to  the  damaged  re¬ 
gion;  and  (2)  a  reduction  or  elimination  of 
nonlinear  response  such  as  DPOAEs  for  stimu¬ 
lus  frequencies  (ailing  in  the  damaged  region. 
Observations  of  SOAEs  suggest  the  following 
related  hjpothesis:  the  generation  of  SOAEs 
requires  two  conditions:  (1)  the  presence  of 
an  intact  active-nonlinear  OHC  mechanism  in 
certain  regions  cf  the  cochlea;  and  (2)  a  spa¬ 
tial  irregularity  of  the  distribution  of  the  OHC 
active-nonlinear  mechanism.  The  goal  of  this 
chapter  is  to -review  studies  of  the  effects  of 
noise-induced  and  other  sensorineural  hearing 
loss  on  DPOAEs,  CEOAEs,  and  SOAEs,  and  to 
evaluate  the  above  hypotheses  with  observa¬ 
tions.  This  chapter  also  presents  some  new 
OAE  data  from  subjects  with  noise-induced 
hearing  loss  and  compares  them  with  results 
from  subjects  with  normal  hearing. 


Studies  of  OAEs  as  a  Test 
of  Human  Cochlear 
Function 


In  recent  years,  a  number  of  studies  of 
OAEs  have  been  conducted  toward  the  goal  of 
developing  a  clinically  useful,  objective,  and 
noninvasivc  test  of  human  cochlear  function 
(Ganfronc  and  Gramlori,  1986;  Grandori  ct  aJ, 
1990).  In  general,  these  studies  demonstrated 
that  CEOAEs  and,  DPOAEs  were  reduced  or 
eliminated  in  cars  that  had  significant  senso¬ 
rineural  hearing  loss  We  discuss  details  about 
the  DPOAEs  and  CEOAEs  in  the  following. 


Distortion-Product 
Otoacoustic  Emissions 
(DFibAEs) 


When  two  tones  at  frequencies  f(  and  f2 
(f|  is  less  than  f2)  are  applied  to  a  normal  ear, 
distortion  products  at  one  or  more  frequen¬ 
cies  are  observed  in  the  ear  canal,  with  the 
2f,  -  f2  component  being  the  strongest  in 
general.  Thus,  our  use  of  the  term  DPOAE 
generally  refers  to  the  2f,  -  f2  distortion 
product.  Several  recent  studies  have  described 
DPOAE  behavior  in  human  cars  with  normal 
hearing  or  sensorineural  hearing  loss  (Kemp 


ct  al,  1986;  Furst  ct  al,  1988;  Harris  ct  al, 
19 89;  Leonard  ct  al,  1990;  Lonsbury-Martin  ct 
al,  1990;  Smurzynski  ct  al,  1990;  Kimberley 
and  Kelson,  1990). 

Figure  9-1A  shows  conventional  pure- 
tone  audiograms  of  the  two  ears  of  a  subject 
(No.  35)  with  bilateral  noise-induced  hearing 
loss. -Figure  9- IB  illustrates  DPOAE  behavior 
from  these  two  cars  hr- comparison  with  the 
normal  range.  These  arc  previous!)*  unpub¬ 
lished  data  of  our  study.  Details  about  our  ex¬ 
perimental  methods  were  described  in 
Smurzynski  ct  al  (1990).  The  triangles  in  Fig¬ 
ure  9-1B  show  the  2f,  -f2  DPOAE  level  ver¬ 
sus  geometric  mean  of  f,  and  f2,  where  f,  and 
f2  were  varied  together  while  maintaining  the 
f2  :  f,  ratio  constant  at  1:2.  Such  a  measure  is 
called  the  “DPOE  audiogram."  Data  in  part  B 
were  obtained  with  an  ER-10B  (Etymotic  Re¬ 
search)  acoustic  probe.  In  part  B,  a  solid  line 
with  tw'o  surrounding  dotted  lines  represent 
the  mean  ±  one  standard  deviation  of  the 
DPOAE  level  among  a  group  of  normally-hear¬ 
ing  adults;  details  about  the  normallv-hearing 
group  are  given  in  the  caption  of  Figure  9-1. 
The  dashed  line  near  the  bottom  of  part  B, 
which  corresponds  to  the  mean  plus  one  stan¬ 
dard  deviation  of  multiple  measurements  of 
DPOAE  level  in  a  test  cavity,  represents  the 
lower  limit  of  DPOAE  level ''detectable  by  the 
measurement  sj'stem.  The  DPOAE  audiograms 
of  the  two  ears  (see  Fig.  9- IB)  resemble  the 
conventional  pure-tonc  audiograms  (see  Fig. 
9-1A),  with  both  sets  exhibiting  notches  in  the 
4*  to  6-kHz  region.  These  results  support  our 
view  that  the  DPOAE  method  is  able  to  pro¬ 
vide  frequency-specific  information  about  co¬ 
chlear  function.  In  a  region  below  approxi¬ 
mately  1200  Hz,  the  DPOAE  levels  of  these 
two  ears  are  slightly  higher  than  are  the 
DPOAE  levels  of  the  normal  range,  we  do  not 
have  an  explanation  for  this. 

The  DPOAEs  in  subjects  with  noise-in¬ 
duced  hearing  loss  were  also  investigated, by 
Martin  et  al  (1990a).  Their  observations,  con¬ 
sistent  with  our  data-in  Figure  9*1,  also  dem¬ 
onstrated  frequency-specific  reduction  of 
DPOAE  for  stimulus  frequencies  correspond¬ 
ing  to  hearing  impairment.  Further  observa¬ 
tions  of  input-output  functions  of  DPOAEs 
(I  c.,  DPOAE  level  versus  stimulus  level)  in  a 
subject  with  noise-induced  hearing  loss  were 
reported  by  Smurzynski  et  al  (1990,  Fig,  2, 
subject  No.  13),  They  showed  that,  when  the 
stimulus  frequencies  fell  in  an  impaired  re¬ 
gion,  detection  of  DPOAEs  required  higher 
stimulus  levels  than  were  required  for  a  nor¬ 
mal  ear.  When  the  hearing  impairment  was  se¬ 
vere,  DPOAEs  could  not  be  elicited  at  the 
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Figure  9-1  A,  Comcnliorul  purc-tonc  audiograms  for 
the  two  cars  of  a  human  adult  with  bilateral  notse- 
induccd  hearing  loss;  Subject  No,  35:  male,  age  31 
years,  recreational  shooter.  B.  DPOAE  audiogram  show¬ 
ing  2f,  ~  t2  DPOAE  level  versus  geometric  mean  of 
f,  and  f2  where  f,  and  f2  were  varied  with  fyf,  »  1.2. 
The  data  were  obtained  with  an  ER-IOB  probe.  The 
solid  line  and  two  surrounding  dotted  lines  represent 
the  norma)  range  as  the  mean  —  one  standard  devia¬ 
tion  among  a  group  of  10  normal  human  adult  ears 
aged  22  to  29  years  who  had  hearing  thresholds  of  10 
<13  hearing  level  (IIL)  or  better  at  all  standard  audio- 
metric  frequencies. 


Geometric  Mean  of  fl  it  tZ  (kHz) 


highest  Stimulus  levels  tested  (80  dB  SPL  re 
20  pPa). 

Lonsbury-Martin  et  al  (1990)  observed 
that  DPOE  detection  thresholds  for  stimulus 
frequencies  in  the  6-  to  8  kHz  region  were 
correlated  with  age  among  normally  hearing 
young  adults;  DPOAE  detection  thresholds 
were  increased  for  older  subjects  by  about  20 
dB  in  the  18*  to  30-ycar  age  range.  Because 
the  behavioral  pure- tone  audiometric  thresh* 
olds  of  these  subjects  were  all  normal  (10  dB 
HI  or  better),  this  finding  suggests  that 
DPOAEs  may  be  a  more  sensitive  indicator  of 
dysfunction  of  OHC  biomechanical  media* 
msm  than  the  purc-tone  audiogram. 

Hie  OHC  active-nonlinear  biomechanical 
hypothesis  predicts  that,  if  OHC  mechanisms 
are  impaired  in  various  diseases  (such  as 
acoustic  trauma,  Meniere’s  disease,  hereditary 
disorders,  infections  of  the  ear,  and  ototoxic 
effects),  these  pathologic  conditions  should  all 
exhibit  reduced  (or  eliminated)  DPOAEs.  The 
existing  observations  are  consistent  with  this 


hypothesis  in  that  a  number  of  subjects  who 
had  sensorineural  hearing  loss  of  various  etiol¬ 
ogies  showed  a  similar  characteristic  of  reduc¬ 
tion  in  DPOAE  level  for  stimulus  frequencies 
falling  in  the  hearing  impairment  region 
(Kemp  et  al,  1986;  Leonard  et  al,  1990;  Lons¬ 
bury-Martin  and  Martin,  1990) 

A  general  picture  emerges  from  these 
studies  of  DPOAEs:  (1)  the  DPOAE  signal  can 
be  reliably  measured  in  human  ears,  although 
the  DPOAE  level  is  considerably  lower  in  hu¬ 
man  subjects  than  In  laboratory’  animals,  the 
reason  for  this  human  versus  animal  difference 
in  DPOE  level  is  not  well  understood  now;  (2) 
intersubject  and  intrasubjcct  variabilities  of 
DPOAEs  among  human  ears  appear  to  be  suffi¬ 
ciently  small  to  allow  the  development  of  a  clin¬ 
ically  useful  test  of  cochlear  function  based 
on  DPOAEs;  (3)  in  cais  afflicted  with  noise- 
induced  hearing  loss,  DPOAEs  are  reduced 
(or  eliminated)  when  two  tone  stimulus  fre¬ 
quencies  fall  within  a  hearing  impairment  re¬ 
gion,  thus  providing  sensitive  and  frequency- 
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specific  information  about  cochlear  dysfunc¬ 
tion;  and  (4)  DPOAEs  are  similarly  reduced 
(or  eliminated)  in  cars  with  sensorineural 
hearing  loss  of  various  etiologies  that  affect 
cochlear  function. 

Click-Evoked  Otoacoustic 
Emissions  (CEOAEs) 

Among  various  forms  of  OAEs,  the 
CEOAEs  have  been  the ‘most  widely  investi¬ 
gated;  references  can  be  found  in  the  confer¬ 
ence  proceedings  cited  above.  Figure  9-2A  il¬ 
lustrates  the  CEOAE  of  a  normally  hearing  hu¬ 
man  adult  ear  measured  with  an  ILO-88  sys¬ 
tem  developed  by  Kemp  (Kemp  et  a!,  1990) 
Tliis  is  a  typical  CEOAE  pattern,  exhibiting  a 
damped  oscillatory'  “cochlear  echo”  response 
waveform  lasting  for  about  10  to  15  msec  fol¬ 
lowing  a  click  stimulation  The  spectrum  of 
the  cochlear  response  (upper-right  inset  in 
Fig,  9-2A)  has  a  complex  pattern,  exhibiting 
peaks  and  notches.  The  complex  CEOAE  spec¬ 
trum  is  idiosyncratic,  like  a  fingerprint,  with 
the  spectral  notches  occurring  even  in  fre¬ 
quency  regions  of  normal  hearing.  Possible  in¬ 
terpretations  of  the  idiosyncratic  CEOAE  pat- 
terns  have  been  discussed  in  the  literature 
(Kemp,  1986),  but  quantitative  modeling  of 
the  complex  spectral  patterns  of  CEOAEs  is 
not  available  yet. 

Figure  9'2B  and  C  show  CEOAEs  in  the 
same  two  cars  affected  with  noise-induced 
hearing  loss  represented  in  Figure  9*1.  The 
CEOAEs  of  these  cars  exhibited  spectral  con¬ 
tents  only  at  low  frequencies  below  2.0  or  2.5 
kHz  as  seen  in  the  spectrum  at  the  upper-right 
insets  of  Figure  2B  and  C.  These  CEOAE  pat¬ 
terns  roughly  resemble  the  pure-tone  audio- 
grams  of  these  ears  (severe  hearing  loss  in  the 
4*  to  6  kHz  region,  Fig.  9-lA)  in  the  sense  that 
spectral  components  of  the  CEOAE  arc  absent 
above  2.5  kHz.  However,  the  CEOAE  data  did 
not  provide  information  about  the  hearing 
function  for  the  6-  to  8  kHz  region.  These  ex¬ 
amples  of  CEOAEs  illustrate  that  it  is  difficult 
to  predict  the  pure-tone  audiometric  patterns 
entirely  from  the  CEOAE  data. 

Tlie  CEOAE  spectral  components  in  the 
1-kHz  region  of  these  two  cars  (Fig  9-2B  and 
C)  are  slightly  higher  than  normal  (Fig  9-2A), 
Tliis  behavior  appears  to  be  correlated  with 
the  same  cars’  higlicr-than  normal  DPOAE 
level  in  the  1-kHz  region  (Fig  9- IB).  We  pos¬ 
tulate  that  in  the  1-kHz  region  of  these  ears, 
the  OHC  biomechanical  mechanism  might  be 
hyperactive.  It  is  not  known  whether  these 


cars  had  SOAEs  in  the  1-kHz  region,  because 
the  SOAEs  were  not  tested  in  these  cars. 

A  number  of  studies  were  reported  in  the 
literature  for  CEOAEs  in  subjects  with  normal 
hearing  or  sensorineural  hearing  loss,  includ¬ 
ing  subjects  with  noisc-induced. hearing  loss 
(Bonfils  ct  al,  1988;  Bonfils  and  UzicI,  1989; 
Kemp  ct  al,  1990),  TTie  findings  of  these  stud¬ 
ies  are  consistent  with  the  results  shown  in 
Figure  9-2,  In  addition,  it  was  found  that  ears 
with  mean  audiometric  thresholds  higher  than 
about  25  to  35  dB  HL  did  not  exhibit  detect¬ 
able  CEOAEs  (Kemp  ct  al,  1986,  Probst  et  al, 
1987;  Bonfils  ct  al,  19 88). 

From  observations  described  in  Figures 
9-1  and  9-2  as  well  as  other  observations  in 
the  literature,  it  appears  that  the  DPOAE 
method  can  provide  information  about  human 
cochlear  function  with  greater  frequency 
specificity.  The  CEOAE  measurement,  how¬ 
ever,  should  also  be  useful  for  quick  screening 
of  cochlear  function,  eg,  for  infants  and 
young  children  (Johnsen  ct  al,  1983,  Norton 
and  Widen.  1990;  Stevens  ct  al,  1990),  be¬ 
cause  it  can  be  accomplished  more  quickly 
than  the  DPOAE  measurement. 

Spontaneous  Otoacoustic 
Emissions  (SOEs) 

Among  normally  hearing  human  ears, 
SOAEs  arc  commonly  observed  in  30  to  50 
percent  (Kemp,  1979;  Wilson,  1980;  Zurek, 
1981,  1985;  Wicr  et  al,  1984;  Martin  ct  al, 
1990b).  Among  Onlwman  primates  (presum¬ 
ably  with  normal  hearing),  3  of  122  ears  (2.5 
percent)  exhibited  SOAEs  (Martin  et  al, 
1985).  Among  nonprimatc  laboratory'  animals 
such  as  chinchillas,  the  occurrence  of  SOAEs 
is  rare;  none  of  28  normal  ears  of  chinchillas 
exhibited  SOAEs,  but  2  of  these  28  cars  did 
exhibit  SOAEs  after  exposure  to  noise  (Zurek 
and  Clark,  1981;  Clark  et  al,  1984).  Histologic 
examinations  of  these  chinchilla  ears  exhibit¬ 
ing  SOAEs  revealed  a  punctate  lesion  of  the 
organ  of  Corti  located  at  a  place  closely  corre¬ 
sponding  to  an  SOAE  frequency  (Clark  ct  al, 
1984).  Another  study ‘suggested  that  a  sharp 
border  between  intact  and  damaged  regions  of 
the  organ  of  Corti  may  have  given  rise  to  an 
SOAE  in  a  dog’s  car  (Ruggero  ct  al,  1984) 
These  studies  lead  to  the  hypothesis  that  gen¬ 
eration  of  SOAEs  in  nonprimate  animals  re¬ 
quires  the  following  conditions,  ( 1)  functional 
disruption  of  a  normally  present  control  for 
the  OHC  biomechanical  mechanism  in  a  re¬ 
gion  of  the  cochlea;  and  (2)  the  presence  of 
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Figure  9-2  Click  evoked  otoacoustic  emissions 
(CEOAEs)  in  three  human  adult  cars,  one  with  normal 
hearing  (A)  and  two  with  noise-induced  hearing  loss 
(D  and  CX  Subject  No.  29,  female,  age  25  years,  with 
hearing  threshold  of  10  dB  HL  or  better  at  all  standard 
audiometric  frequencies.  The  hearing  impaired  subject 
No,  35  is  the  3 1 •year-old  male  represented  In  Figure 
9*1. 


an  intact  OHC  active-nonlinear  biomechanical 
mechanism  adjacent  to  the  disrupted  region. 
The  fact  that  SOAEs  are  common  in  nor* 
mally  hearing  human  cars,  particularly  those 
of  infants  (Strickland  et  al,  1985),  is  contrary 


to  the  disruption  or  lesion  hypothesis.  Histo¬ 
logic  examinations  of  two  rhesus  monkey  ears 
exhibiting  SOAEs  (Lonsbury-Martin  et  al, 
1988)  also  found  no  circumscribed  lesions  of 
the  organ  of  Corti  at  locations  corresponding 
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to  the  SOAE  frequencies.  Thus,  conditions  un¬ 
derlying  SOAE  generation  in  human  and  non¬ 
human  primates  in  frequency  regions  of  nor¬ 
mal  hearing  may  be  different -from  those  for 
nonprimate  animals.  Observations  of  SOAEs  in 
human  and  nonhuman  primates  suggest  the 
hypothesis  that  SOAEs  in  these  species  arise 
from  irregularities  in  the  normal  organ  of 
Com  (such  as  an  extra  row  of  OHCs)  rather 
than  lesions  (Zwickcr,  1986b;  Kemp,  1986; 
Lonsbury-Martin  et  al,  I988X 

Conclusion 

Various  types  of  OAEs,  such  as  DPOAEs 
and  CEOAEs,  provide  nomnvasive  objective 
information  about  cochlear  function  that  can 
be  particularly  useful  for  infants,  young  chil¬ 
dren,  and  the  retarded.  It  appears  that  the 
DPOAE  method  offers  advantages  by  provid¬ 
ing  greater  frequency  specificity  and  more 
quantitative  information  about  the  degree  of 
hearing  impairment  than  the  CEOAE  method. 
The  OAE  methods  are  promising  objective 
sensitive  indicators  of  early  signs  and  the  pro¬ 
gression  of  hearing  impairments,  including 
cases  of  noise-induced  hearing  loss. 

Relations  Entre  les 
Oto-Emissions 
Acoustiques  et  les  Deficits 
Auditifs:  £tude  chez 
1’Homme 

Des  etudes  rccentes  sur  la  cochl6e  sug- 
gcrenl  I’hypoihfcsc  que  des  mecanismes  de 
motiht£  actifs  ct  non  llnealres  des  cellules  cil¬ 
ices  externes  donnent  naissance  &  unc  amplifi¬ 
cation  de  la  r£ponsc  m6canique  coch!6aire 
d’un  factcur  100  &  300  (40-50  dB). 

Les-  oioemtssions  acoustiques  (OAEs) 
sont  supposes  etre  un  cpiphcnomcne  du 
mecanisme  d’amphfication  biomecanique  co- 
chl6aire.  Les  OAEs  comprcnnent  des  produits 
dc  distorsion  et  des  OAEs  evoquees  par  des 
clics.  Quand  une  orcille  est  soumise  i  un  bruit 
intense  ou  i  des  agents  tels  que  des  drogues 
ototoxiques,  les  cellules  cilices  externes  sont 
endommagees  et  le  mecanisme  d’amphfication 
biomecanique  de  la  cochlee  est  interrompu. 

Scion  !a  theoric  de  la  biomecanique  co- 
chleairc  non  Uneaire,  les  OAEs  devralent  etre 
reduites  ou  eliminees  quand  les  cellules  cil- 
iecs  externes  sont  tru.  ,«’mmagees.  En  effet  des 
mesures  effectives  d’OAEs  sur  des  sujets  pre- 


sentant  des  pertes  auditives  dues  ;au  bruit, 
montrent  une  telle  reduction  des  OAEs,  voire 
leur  elimination.  Cet  article  passera  en  revue 
la  Iittcrature  conccmant  les  oto  emissions  sur 
des  sujets  humains  ayant  soit  une  audition 
normale,  soit  des  pertes  auditives  dues  au 
bruit,  et  les  effets  des  pertes  auditives  sur  les 
oto  emissions  seront  discutes. 
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Hysteresis  in  Cochlear  Mechanics 
and  a  Model  for  Variability  in 
Noise-Induced  Hearing  Loss 

ERIC  L.  LcPAGE 


odsuncEng  feature  of  the  many  studies 
of  aoix  on  the  auditory  system  is  the  vzriahd- 
xly  of  the  bearing  loss  thzt  resells  from  identi¬ 
cal  exposures  administered  to  a  group  of  indi- 
tidmls  (Szhi  ct  al»  1983;  Sahi  cl  sd,  1986). 
Moreover,  attempts  to  predict  the  degree  of 
permanent  threshold  shift  (PIS)  from  tempo- 
nav  threshold  shift  (Tib)  have  been  only  par¬ 
tially  successful  (Mills  Cl  a)  1981)  The  spe¬ 
cific  reasons  for  this  lack  of  predictability  in 
individuals  are  not  known.  There  may  be  one 
or  more  unknown  physiologic  £2do»  that  arc 
varying  beyond  the  control  of  the-experi- 
ments,  which  nevertheless  play  a  major  role  in 
determining  individual  variability  in  the  de¬ 
gree  of  ITS  and  susceptibility  to  PTSL 

The  problem  of  dealing  with  litis  inherent 
variability  may  be  partly  conceptual.  Histori¬ 
cally.  there  has  been  the  expectation  that 
moderate  to  substantia]  noise  exposures  in  hu¬ 
mans  should  have  produced  changes  in  audio- 
metric  thresholds  that  arc  statistically  signifi¬ 
cant  The  sound  energy'  levels  for  the  lowest 
thresholds  arc  remarkably  low',  and  the  mam¬ 
malian  ear  is  an  exquisitely  sensitive  median- 
oreceptor,  so  at  face  value,  the  human  audio¬ 
gram  should  be  sufficiently  sensitive  to  regis¬ 
ter  very'  small  levels  of  degradation  of /co¬ 
chlear  performance  for  a  sample  population 
large  enough  to  lessen  the  effects  of  test  retest 
variability  (Bums  and  Robinson,  1970;  Kiytcr, 
1970;  Carter  ct  al,  1982) 

Numerous  studies  of  damage  to  the  co¬ 
chlear  structures  have  shown  a  rise  in  the 
threshold  of  tuning  curves  of  single  primary 
auditory’  fibers  (Liberman  and  Kiang.  1978; 
Robertson,  1982)  In  cases  of  damage  to  the 
organ  of  Corti,  it  is  nearly  always  possible  to 
find  single  units  with  aberrant  tuning  proper- 
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tics.  An  economical  hypothesis,  therefore,  has 
been  to  suspect  that  loss  of  OHC  fimetion 
leads  directly  to  loss  of  sensitivity'  of  primary 
auditory  fibers.  This  should  be  manifested  as 
changes  in  the  neural  tuning  curve  as  well  as 
changes  in  the  znicroaudiogram.  which  exhib¬ 
its  fine  structure  m  thresholds  associated  widi 
areas  affected  by  lesions. 

Conversely,  it  is  possible  that  audiome¬ 
tric  sensitivity  is  not  an  accurate  measure  of 
damage  to  the  cochlea.  As  a  result  of  otoa- 
coustic  emission  studies  in  humans  (Kemp 
ct  al,  1986,  1989;  Kemp,  1989)  there  ap¬ 
pears  to  be  some  merit  in  pursuing  cochlear 
mechanical  loss  as  a  concept  distinct  from 
die  concept  of  bearing  loss.  Because  of  multi¬ 
ple  sources  of  redundancy*,  hearing  threshold 
may  be  the  last  parameter  to  reflea  ongoing 
damage  There  is  huge  redundancy*  in  the 
numbers  of  primary  -fferent  fibers  and  the 
apparent  variability  in  the  dynamic  range  of 
these  fibers.  As  the  cochlea  ages,  central  reor¬ 
ganization  may  occur  so  as  to  give  added 
weight  to  the  activity  of  the  lowest  threshold 
fibers.  There  is  also  considerable  redundancy 
in  the  outer  hair  cell  (OHC)  population. 
Audiometric  thresholds,  therefore,  may  not 
rise  at  any  one  frequency  until  the  threshold 
of  the  most  sensitive  single  unit  has  risen.  In 
these  terms,  therefore,  no  signs  of  hearing 
loss  may  be  perceived  until  damage  is  exten¬ 
sive. 

The  dominant  interest  in  tuning  curves 
stems  from  the  (act  that  only  the  threshold  of 
the  sharpest  curves  correlates  best  with  be¬ 
havioral  and  human  thresholds.  Because  of 
this  relationship,  the  single-unit  tuning  curve, 
and  more  recently,  the  mechanical  tuning 
curve,  have  been  equated  with  normal  bchav- 
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ioc  ody  when  tbc  droiioi<S  arc  knrca  zad 
the  tsaieg  sharpest  Because  tfac  dnsaacrwic 
jJr*pc  of  the  rsniag  cent  (Ufty.  1 9STc)  is 
largely  pfocrcd  srtspedne  rf  the  ncthod 
rfobce^jttbcpfo^^Tkw-jJ&i  the 
shape  of  the  tcmcfiag-warc  c xcotioo  patera 
remains  fixed  irrespective  of  frcqxacr  and 
level.  However;  threshold  eaccfrzaicil  toning 
enrres  describe  csscrataDr  a  "krybotc-  view  of 
the  spatially  cEstribotcd  aciatioa  pan  era, 
which  is  mem  Ekdy  varying  in  some  system¬ 
atic  way  with  tooc  Icvd  in  the  process  of 
trading  threshold  with  frequency  (LePage. 
1987c).  The  oohr  war  to  determine  whether 
this  is  the  ease  is  to  carry  out  complete  fre¬ 
quency  response  and  intensity-  fractions,  mak¬ 
ing  sufficient  allowance  fix  active  behavior, 
which  has  a  temporal  behavior  independent  of 
that  lor  the  traveling  wave:  This  is  difficult  to 
achieve  with  any  technique,  such  as  the  Mass- 
baucr  technique,  which  is  slow  2nd  which 
may'  require"  limiting  assumptions  about  the 
rmurc  of  the  response  (eg,  linearity).  The 
data  presented  here  were  obtained  with  two 
techniques  of  rapid  response  md  wide  dy¬ 
namic  range:  a  capacitive  probe  for  AC  dis¬ 
placement  2nd  a  fiberoptic  Sever  for  the  DC 
displacement  responses. 

When  tuning  curves  arc  obtained  In  this 
way,  in  guinea  pigs,  the  description  becomes 
much  more  complex.  A  salient  feature  of  the 
capacitive  probe  data1  is  that  the  method  of 
data  collection  is  rapid  2nd  reveals  frequency 
responses  that  arc  dynamically  variable.  Yet 
because  the  ear  is  fundamentally  a  mccionorc- 
ceptor,  we  arc  obliged  to  deal  with  this  level 
of  complexity.  This  dopier  is  concerned  with 
the  nature  of  the  variability  and  the  possibility 
that  its  source  may  be  an  important  compo¬ 
nent  of  the  variability  in  the  characteristics  of 
noise-induced  hearing  loss. 

Methods 

The  methods  for  the  capacitive  probe 
technique  arc  described  in  detail  elsewhere 
(LePage,  1987a),  as  arc  those  for  the  fiberop¬ 
tic  lever  (LePage,  1989)- 

Data 

LePage  and  Johnstone  (1980)  showed 
that  in  the  vibratory  response  of  the  basilar 
membrane,  a  decrease  of  the  nonlinear  com¬ 
pression  (output/input  slopes  of  less  than 
unity,  decibel  per  decibel)  was  accompanied 
by  a  loss  of  neural  sensitivity  as  determined  by 


the  ctcpocad  action  poteexaL  FrpTfsht  be¬ 
havior  (slopes  greater  dm  tray)  abo  oc¬ 
curred  and  btrsmr  tsexe  pcpoaca  as  the 
coppctssaoo  ceased,  partly  because  the  rri- 
2b2iry  decreased  (Leftge.  1981).  With  the  ca¬ 
pacitive  probe  technique;  the  most  strocgjy 
compressive  behavior  was  in  fxx  a ct  ax  the 
tuning  peak,  be:  some  ooc-fifih  of  an  octave 
above  it,  in  the  region  of  a  notch,  figure  IOTA 
shows  a  family  of  tuning  cams  obtained  as 
previously  described  (LePage  2nd  Johnstone. 
198th  LdPage.  1987ajb)-  Because  of  the  over¬ 
bp  of  the  curves  in  this  region,  the  lower-in¬ 
tensity  curves  arc  only  shown  as  far  as  one 
point  abov  e  the  frequency  of  the  frocch.  A  re¬ 
markable  feature  is  that  one  obtains  similar 
tuning  curves  whether  one  uses  repetitive 
dicks,  signal  av  eraging  and  frequency  transfor¬ 
mation,  or  fixed-Ievd  pure  tones  presented  in 
steps  of  i  kHz  and  a  lock-in  amplifier  (LePage. 
1981 X  Partially  down  the  high-frequency  cut¬ 
off  is  a  notch  phenomenon  that  depends  on 
both  frequency  and  leveL  In  Figure  IO-1A,  the 
notch  occurs  in  the  top  trace  at  19.5  kHz.  This 
notch  is  apparently  related  to  OHC  contractil¬ 
ity  (LePage,  1989)  and  may  be  much  more 
pronounced.  As  the  stimulus  level  is  in¬ 
creased,  the  frequency  of  the  notch  rises 
roonotonxally.  In  the  examples  with  pure 
tones,  for  a  Icvd  change  of  20  dB,  the  fre¬ 
quency  of  the  notch  would  rise  typically  by 
'/i$  of  an  octave.  In  reciprocal  terms,  this  shift 
describes  a  slope  of 300  dB  per  octav  c,  coinci¬ 
dentally  equaling  the  high-frequency  slope  of 
the  threshold  tuning  curve  for  the  same  range 
of  sound  pressure  levels. 

The  differential  slope  of  the  input-output 
function  (decibel  per  decibel)  may  be  com¬ 
puted  as  a  function  of  frequency  (fig.  10*1  B). 
Fresh  guinea  pig  preparations  showed  strong 
nonlinear  compression  for  frequencies  less 
than  the  characteristic  frequency  (CF), 
whereas  all  records  showed  nonlinear  expan¬ 
sive  behavior  above  the  CF.  This  was  never  re¬ 
vealed  by  the  Mossbauer  technique  because 
the  expansion  rates  w'ere  high,  beyond  the 
limited  dynamic  range  of  the  technique.  In 
figure  10-1 B  the  curve  with  the  circles  is  ob¬ 
tained  by  dividing  the  difference  between  the 
top  two  curves  of  figure  10-1 A  by  the  inten¬ 
sity  step  (6  dB),  and  smoothing  with  a  three- 
point  average  Likewise,  the  curve  with  the 
squares  represents  the  slope  between  the  sec¬ 
ond  two  curves,  and  so  on.  The  curves  show 
that  the  degree  of  nonlinear  compression  is 
higher  for  the  top  pair  of  curves  and  lowest 
for  the  bottom  pair.  Moreover,  the  frequency 
at  which  the  transition  toward  expansive  be¬ 
havior  occurs  decreases  with  stimulus  level. 
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Figure  1 0-1  Guinea  pig  tuning  cun  es  for  a  pbcc  in  the  basal  turn  (A).  obtained  quad  simultaneously  for  repetitive 
ebets  in  steps  of  stimulus  Icvd  of  6  dB.  Each  curve  represents  a  response  for  constant  stimulus,  not  constant  basilar 
membrane  response.  The  curves  show'  a  highly  reproducible  general  pattern  in  which  the  intensity  response  func¬ 
tions  show'  greatest  nonlinear  compression  between  records  for  the  highest  stimulus  levels.  This  pattern  of  re¬ 
sponse  can  be  explained  if,  in  addition  to  the  vibratory  response  of  the  basilar  membrane,  the  measurement  is  in¬ 
fluenced  by  a  length  change  of  the  outer  hair  cell  (OHC),  which  moves  toward  scala  icstibuh  for  short  delays, 
lea ding  to  apparent  compression.  B,  The  symbob  in  the  lower  panel  represent  the  irput/output  slopes  dem  cd  from 
the  differ  cnees  between  adjacent  pairs  of  curves  as  indicated  in  the  upper  panel  (A).  The  circles  are  for  the  highest 
pair  of  stimulus  intensities  while  the  inverted  triangles  arc  for  the  lowest  pair.  Slopes  of  unity  indicate  linear  re¬ 
sponse:  Conversely,  OHC,  which  moves  the  basilar  membrane  toward  ST  for  longer  delays,  can  account  for  the 
swing  to  expansion.  The  apparent  complexity  of  the  behavior  is  increased  still  further  by  the  shift  in  place  of  the 
traveling  wave  en\ elope  toward  the  apex,  with  an  increase  in  level. 


The  conditions  for  observing  the  notch 
showed  considerable  variability  because  the 
data  also  strongly  depended  on  the  history  of 
the  experiment  (Fig.  10-2)  The  level  of  non¬ 
linear  compression  could  typically  decrease 
over  just  1  minute  of  the  stimulus. 

In  input-output  (or  intensity)  functions, 
the  same  notch  phenomenon  seen  in  Figure 
10-1  is  manifested  between  50  and  80  dB 
sound  pressure  levels  (SPL)  in  the  input-out¬ 
put  functions  (fig.  10-3A,  B).  Examination  of 
the  phase  curves  reveals  a  sharp  discontinuity 
or  jump  at  the  frequency  of  the  notch.  The 
tChc-Icvel  at  which  the  notch  and  phase  shift 
are  observed  changes  with  the  history  of  the 
experiment.  Figure  10-3  show’s  the  notch  oc¬ 
curring  at  74  dB  SPL  for  ascending  sound  pres¬ 
sure  levels.  Tlie  SPL  fiscs  to  99  dB  and  then 


descends.  The  SPL  is  above  90  dB  SPL  for  20 
to  30  seconds,  during  which  time  a  slight  TTS 
will  have  occurred.  On  descent,  the  notch  has 
shifted  to  63  dB  SPL  figure  10-f  shows  a  sim¬ 
ilar  history-dependent  behavior,  which  is  re¬ 
peated  for  a  second  cycle  up  and  down. 

In  a  senes  of  experiments  using  the  fi¬ 
beroptic  lever,  intense  tones  of  100  to  110  dB 
SPL  arc  delivered  to  live  guinea  pigs  using  a 
sealed  sound  system  (voltage  to  the  driver  is 
constant,  not  the  SPL  at  the  tympanum).  This 
results  in  displacements  of  the  basilar  mem¬ 
brane  of  several  micrometers.  After  an  intense 
sequence  of  tone  bursts  (Fig,  10-5A),  first  in¬ 
creasing  frequency’  and  then  decreasing  fre¬ 
quency,  there  is  a  shift  of  the  best  frequency 
of  the  response  pattern  to  lower  frequencies. 
Two  subsequent  records  at  slightly  less  inten- 
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Figure  10-2  Depexiexe  of  the  slope  cf  gi  315*3 

6c  occhrua!  bstasxtr  faaqic m oa  do-  2  r-  f 

rarioa  of  the  repewire  dick  Kssdu.  ^  •  o  •  T  f  I 

Tbc  cents  arc  obtained  using  ibe  Z  *  '  ill 

extbod  described  to  figure  10-1.  and  arc  ^  A  2  ^  III 

presented  at  I-miauic  intervals.  They  in  q  III 

show  pronounced  nonlinear  ewapreS' ^  ^  S.  ,  ill 

sioo  (dopes  <  1  eqaal  to(xha  for  ibe  _i  _i  '  f  /  j 

M&stu&cr  method)  dux  is  doc  ducalr  £3  gj  *  '*^*™*=*fc^*^«*^_  If 

to  the  dodopexot  of  a  DC  daft"  to-  5  t  / 

ward  scaia  estibcli  Greatest  coepccs-  ^  J 

.  ssoa  (tracks)  occurs  for  lest  expo-  C3  %./  f 

sure.  Afier  one  minute  exposure  \  / 

(squares)  the  cooprrsskxi  is  halved.  &  c£  \  I 

ter  two  minutes  exposure  tbc  maximum  Q  q  j  \  /  l '  1 

compression  is  reduced  still  further  jjj  -jq V  20  ' 
(closer  10  1).  The  compression  is  accom- 

pmiol  br  oonfixur  apmjon  (slopes  FREQUENCY  (kHz) 

greater  dun  1 )  as  the  basliar  membrane  ' 

moves  toward  the  sola  tympani  and  the  tra  vdingwave  envelope  slides  toward  the  fuse  wjth  continuation  of  the 
expo  sure  This  leads  to  a  spatial  misalignment  of  the  envelope  wvh  the  position  of  greatest  sensitivity  and  a  de¬ 
creasing  root  lie  response. 


Figure  10-3  History-dependent  behavior  of 
basilar  membrane  vibrator)'  displacement  in 
response  to  a  pore  tone  Vi  octave  above  the 
best  frequency.  The  sound  level  of  the  stimu¬ 
lus  tone  is  increased  along  the  arrows  from  60 
dB  to  100  dB  (solid  triangles)  then  decreased 
back  to  59  dB  (open  triangles).  A,  There  is  a 
notch  m  the  vibratoty  response  at  73  dB  as¬ 
cending.  due  to  a  rapid  transition  from  a  tran¬ 
sient  “DC  displacement  toward  the  scaia  ses- 
tibuli  to  a  longer  lasting  DC  displacement  to- 
ward  tbc  scaia  tympani)  D,  The  notch  is  ac¬ 
companied  by  a  rapid  change  in  phasc  As  the 
sinusoid  intensity’  is  raised,  the  (precorrected) 
level  remains  above  90  dB  SPL  for  approxi¬ 
mately  I -minute  As  the  level  is  reduced  on 
descent,  the  position  of  the  notch  has  shifted^ 
as  if  the  place  were  now  responding  with  a 
lower  best  frequency.  Fee  refers  to  the  3-dB 
cutoff  frequency  on  the  highest  intensity  trace. 
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Jigme  10-4  M ip&txk  response  fimetioo  for 
a  sequence  similar  to  that  seen  in  figure  103 
but  repeated  for  two  cycles  instead  of  one. 
The  fodc-in  amplifier  provides  a  signal  of  at 
least  30  dB  to  noise  improi  anenL  The  curves 
represent  the. highly  compressive  behavior  of 
basilar  membrane  displacement  above  the  cut¬ 
off  frequency.  "Jljey  also  sbow'-a  generally 
monototuc  decrease  in  the  level  for  the  notch 
as  with  exposure  to  the  stimulus  at  the  high 
levels.  The  sequence  begins  with 'increasing 
levels  (open  circles,  note*  at  79  dB),  followed 
by  decreasing  lock  (open  circles,  notch  at  79 
dB),  then  increasing  levels  again  (filled  trian¬ 
gles,  notch  at  68  dBX  followed  by  decreasing 
Ictcb  (open  triangles,  a  second  minor  notch 
at  85  dB). 


Frequency  (kHz) 


Figure  10-5  History  dependence 
in  the  DCdisplacement  response 
to  nq)i  lei  el  pure  tone  bursts 
using  the  fiberoptic  Icier.  Each 
point  represents  a  transient  shift 
toward  the  scala  icstibull  (SV) 
which  returns  to  a  baseline  value 
represented  by  the  small  circles. 
The  notable  feature  is  that  for 
tones  at  1 10  dB  SPL  beginning  at 
10  kHz,  the  rapid  DC  swing 
behavior  (large  filled  circles)  has 
shifted  to  lower  frequencies  by 
about  Vi  octave  (large  open 
circles).  Repetition  of  the  curi  es 
at  lower  Icicls  suggests  that  the 
new  lower  “cutoff  frequency* 
lasts  longer  after  the  residual 
swing  toward  the  scala  tympan) 
(ST)  The  reference  baseline  (0 
pm)  is  not  the  same  for  each 
curve  but  Is  subject  to  the 
cumulative  effects  of  the  residual 
offsets  (small  circles) 


sit)'  (Fig.  10-5B,  C)  show  that  Ihe  new  CF 
seems  to  remain.  Expanded  time  records,  such 
as  those  repotted  by  LePage  (1989,  Fig  10), 
show  a  variety  of  history-dependent  behaviors 
in  response  to  the  presence  of  intense  tones  at 
the  CF.  Figure  10-6  shows  that  tone  bursts 
that  produce  movements  in  the  direction  of 
SV,  or  scala  vcsubull  (frequencies  at  CF  or 
less)  lend  to  be  transient  and  decay  back  to 
the  prestimulus  baseline,  whereas  movements 
toward  ST,  or  scala  tympani  (above  CF)  tend 
to  establish  a  new  baseline.  The  polarity  of 
these  shifts  is  shown  in  the  insets. 


Discussion 

These  data  are  difficult  to  explain  by  con¬ 
ventional  models,  which  seek  primarily  to  ac¬ 
count  for  behavior  at  threshold.  Instead  the 
data  arc  consistent  with  the  interpretation  that 
nonlinear  compression  is  due  to  a  perturba¬ 
tion  of  the  vibratory. response  by  an  influence 
that  is  moving  the  basilar  membrane  away 
from  the  probe  tip  for  short  delays,  and  mov¬ 
ing  it  towards  the  probe  tip  sometime  later. 
The  velocity  of  the  baseline  movement  is 
higher  for  higher  sound  levels;  this  effee* 
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Figure  10-6  Simdir  experiment  as  de- 
piaed  in  Figure  10-5.  using  intense  pure 
tones'.  However,  this  shows  a  dcar-cut  re- 
vcrsal  of  the  polarity  of  the  basilar  mem¬ 
brane  DC  response.  Again,  each  point  repre¬ 
sents  a  trsisient  shift  toward  the  sola  vesti- 
bu!i  (SV)  for  frequencies  less  than  18  JJlz, 
whereas  the  swing  toward  the  sola  tym- 
pani  (ST)  at  19  Ul*  and  above  is  more  per¬ 
manent  and  produces  ::  residual  baseline 
shaft.  Insets  depict  shift  polanty. 

( 


Frequency,  (kHz) 


lively  reduces  probe  sensitivity.  Conversely, 
movement  towards  die  scala  tymp.mi  effec¬ 
tively  increases  probe  sensitivity,  accentuating 
the  vibration  amplitude  and  leading,  to  appar¬ 
ent  expansion,  The  velocity  is  greater  for 
higher  levels,  so  that  the  apparent  nonlinear- 
compression  seen  in  this  way  is  greatest  as  the 
level  is  increased. 

The  notch  constitutes  either  an  antireso¬ 
nance  or?  more  likely,  a  cancellation  phenom¬ 
enon  In  capacitive  probe  data.  The  reason  that 
such  a  notch  appears  in  the  intensity  func- 
lions, .but  not  in' the  threshold  tuning  curves, 
is  now  apparent.  These  data  suggest  that  the 
frequency  of  the  notch  shifts  with  level.  In 
spatial  terms,  the  shift  of  the  notch  is  similar 
to  what  might  be  expcctcdlf  the  displacement 
detector  had  been  shifted  along  the  basilar 
membrane;  i.c.  the  data  suggest  that  the  re¬ 
cording  position  was  behaving  effectively,  as  if 
it  were  at  a  more  apical  place. 

It  would  seem;  therefore,  that  these  direct 
mechanical  data  describe  the  behavior  of  the 
notch-in  a  manner  qualitatively  similar  to  the 
half-octave  shift  phenomenon  (MeFadden, 
1986).  That  is,  it  represents  a  transition  that 
slides  along  the  cochlear  partition  toward  die 


base,  delimiting  the  apical  extent  of  the  exci¬ 
tation  region  (Fig  10-7).  An  analogy  might  be 
the  morion  of  a  hard  object,  such  as  a  pen,  be¬ 
tween  the  blades  of  a  pair  of  scissors  as  the)' 
.close.  The  transverse  motion  (OHC  length 
change)  gives  rise  to  longitudinal  motion  (the 
traveling-wave  envelope — TWE — or  excita¬ 
tion  pattern).  This  ^scissors  concept"  has  a 
plausible  physical  basis  (LePage,  1990;  Ta¬ 
ble  10- !  )  and  explains  why.  a  notch  never ‘actu¬ 
ally  appears  in  the  threshold  tuning  curve.  Al¬ 
though  the  complete  overview  of  AC  and  DC 
has  yet  to  be  obtained,  it  is  evident  that  the 
notch  and  the  rapid  phase  transition  are  due 
to  the  rapid  polarity  reversal  in  the  DC  re¬ 
sponse  from  the  SV  toward  the  ST,  which  oc¬ 
curs  above  the  CF,  DC  displacements  toward 
the  SV  arc  excitatory,  whereas  toward  the  ST 
they  are  Inhibitor)’.  Intense  tones,  in  particular 
those  toward  the  ST,  may.  cause  a  long-lasting 
or  possibly  nonreversible  change  in  OHC  tur¬ 
gor,  this  gives  rise  to  an  effective  shift  in  the 
tonotopy,  which  in  turn  gives  rise  to  a  TTS. 
Evidently,  in  the  impulse  train  experiments, 
the  stimulus  was  at  a  high-enough  level  to  pro¬ 
duce  the  mechanical  equivalent  of  a  TTS,  or  a 
net  bias  toward  the  ST  adding  to  the  bias  ef- 
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Figure  10-7  Original  prediction  (LePage,  1981) 
of  the  polarity  and  shape  of  the  'DC-shdt  phenom¬ 
enon"  from  the  vibratory  motion  of  the  basilar 
membrane  (BM),  plus  the  prediction  of  its  func¬ 
tional  significance.  The  notch  in  the  constant  in¬ 
put  vibratory  tuning  curves  is  now  appreciated  as 
a  cancellation  phenomenon  due  to  the  rapid 
length  change  of  the  OHC.  The  notch  in  the  tun¬ 
ing  Curves  and  intensity  functions  (Figs.  I0-I 
through  10-4)  does  not  appear  in  neural  or  me¬ 
chanical  threshold  tuning  curves,  because  it  rep¬ 
resents  a  sharp  contrast  in  the  excitation  pattern, 
which  slides  along  the  basilar  membrane,  with 
change  in  level  delimiting  the  end  of  the  excita¬ 
tion  of  the  Inner  hair  cells.  SV,  scala  vestibuli;  ST, 
scala  tympani. 


feet  of  draining  the  ST  for  those  experiments. 

In  Figures  10*3  and  10*4  there  is  system* 
attc  behavior  in  what  at  first  appear  to  be  very 
badly-behaved  intensity  and  frequency  re¬ 
sponse  functions.  Again,  these  data1  can  be  cx- 
plained.if  the  position  of  the  sensor  had  been 
shifted  along  the  basilar  membrane  or,  alter¬ 
nately,  if  the  tonotoplc  map  had  become  per¬ 
manently  distorted,  long  term  mechanical  re¬ 
cordings  were  not  practical,  so  a  ITS* type  of 
recovery  of  the  shift  phenomenon  was  never 
seen.  Figure  10-5  suggests  a  shift  in  the  tono- 
topy  with  exposure  to  a  very'  intense  tone,  this 
change  remained  for  the  two  lower  sound  lev¬ 
els.  In  response  to  - a  train  of  intense  tone 
bursts,  the  basilar  membrane  baseline  was 
Seen  to  be  reset  to  a  new  value  with  each  new 
tone  burst  (LePage,  1989,  Fig.  10).  The  erratic 
nature  of  those  responses  is  difficult  to  ex¬ 
plain,  unless  the.  prcscncc  of  each  intense 
burst  produces  a  new  distortion  of  the  fre¬ 
quency-place  map,  which  may  result  in  excita¬ 
tion  or  suppression  according  to  seme  basic 
DC-excitation  pattern  (LePage,  1989).  In  a  sc¬ 
ries  of  mechanical  experiments  in  which  ace¬ 
tylcholine  was  perfused  into  the  ST,  the  notch 
was  apparently  inhibited  or  moved  to  a  higher 
frequency  by  the  perfusate  (LePage,  1989). 


The  notch  appears  to  be  correlated  with  the 
high  frequency'  DC  reversal  seen  in  Figure 
10-7,  so  that  the  notch’s  change  of  place  cor¬ 
responds  to  a  longitudinal  shift  of  the  zero- 
crossing  point,  with  a  general  change  in  OHC 
tonus  caused  by  the  acetylcholine. 

In  1990  I  suggested  that  the  net  turgor  of 
the  OHC  may  have  a  role  in  establishing  the 
place  (delimiting  the  apical  extent)  of  the 
T\VE  for  a  fixed  tone  frequency  (LePage, 
1990;  Table  10-1),  The  basis  of  the  suggestion 
is  that  the  slow  motility  may  act  to  set  the  res¬ 
onant  frequency  in  the  strings  of  the  “Helm¬ 
holtz  harp,"  which  was  originally  assumed  to 
be  fixed.  OHC  turgor  may  not  just  influence 
cochlear  sensitivity  through  a  conventional 
bias  effect,  but  may  also  effectively  amplify  the 
change  by  the  development  of  a  spatial  dispar¬ 
ity.  That  is,  the  excitation  pattern  moves  away 
from  the  point  of  maximal  effectiveness.  It  fol¬ 
lows  that  history-dependent  variations  m  OHC 
turgor,  and  resulting  residual  changes  in  basi¬ 
lar  membrane  displacement,  may  influence  the 
susceptibility  of  OHC  to  further  high-level  ex¬ 
posure,  Hysteresis  may  therefore  account  for 
variable  responses  to  subsequent  exposures — 
e.g.,  in  Figure  10-6,  the  subsequent  TTS  may 
depend  on  the  starting  value  of  the  DC  bias. 
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TABLE  10- 1  Basis  of  the  “Modified  Helmholtz,”  or  Variable  Place  Model 

1.  The  primary  determinants  of  turung  along  the  cocHear  partition  are  a  resonance  of  the  radial  fiber  bundles  of  the 
basihr  membrane — more  specifically,,  the  boodles  of  the  pectinate  zone. 

2.  These  stnngs  of  "Hdmhoitt's  harp"  have  a  passive  resonance,  which  may  extend  to  high  frequencies.  and  are  doven 
'into  resonance  by  the  OHCs. 

3  The  resonance  frequency  of  these  strings  may  not  be  fixed,  as  was  assumed  by  Hdmbohc  they  are  fine-tuned  by 
the  OHCs-  An  estimate  of  the  turgor  of  the  OHCs  (LePage.  1990)  is  more  than  sufficient  to  apply  the  required 
tension  to  the  strings.  Regulation  of  that  tension  is  a  prime  consideration.  ! 

4.  There  is  now  ample  evxfen ee.  both  m  vitro  and  in  vivo,  that  the  OHCs  respond  to  electric  and  acoustic  stimuli  ( 

with  length  changes. 

5.  Small  variations  m  isometric  tension  of  the  OHCs  can  powerfully  influence  the  resonance  frequency.  A  doubling  will  , 

produce  a  half-octave  shift, 

6.  Direct  measurements  of  the  baseline  position  of  the  basilar  membrane  in  fresh  guinea  pig  preparations  exhibit  a 

marked  swing  towards  the  ST — more  than  ooe-sixth  octave  above  the  Cf,  This  suggests  that  the  OHCs  have  { 

undergone  an  increase  in  length.  1 

7.  Tho  length  change  indicates  an  OHC  force-generation  pattern,  which  is  regarded  as  being  applied  to  the  tuning  of  i 

the  basilar  membrane,  controlling  the  local  gradient  and  degree  of  dispersion  of  the  traveling  wave. 

8.  It  B  assumed  that  OHC  shortenings  result  in  a  local  increase  in  frequency,  whereas  lengthenings  produce  a  decrease  j 

m  frequency.  | 


Figure  10-8  General  schematic  diagram  for  the  cause  of  the  distortions  in  the  frequency  place  map  caused  by  the 
outer  hair  cell  (OHC)  length  changes.  Changes  in  “place*  (positive  x-axls)  result  from  variations  in  resonant  fire 
qucncy  (positive  y-axis)  that  are  in  turn  due  to  changes  in  radial  tension  of  the  basilar  membrane  fibers  (negative 
x  axis),  which  in  turn  are  due  to  changes  in  outer  hair  cell  turgor  (negative  y-axis).  The  reader  considers  each 
quadrant  in  turn,  working  clockwise  from  the  lower  left  quadrant  The  large  'DC  shifts"  represent  the  effects  of  the 
tension  generated  by  the  OHC  in  the  basilar  membrane,  which  fixes  its  resonance  frequency  for  a  given  place  (A> 
As  the  basilar  membrane  moves  toward  the  seal  a  vestibuli  (SV),  the  tension  »s  increased  so  that  the  resonance  fre¬ 
quency  increases.  The  effect  of  this  change  on  a  fixed  frequency  stimulus  is  that  the  excitation  pattern  moves  to¬ 
ward  the  apex  (A'X  Conversely,  a  longer  lasting  movement  toward  the  scaia  tympani  (ST)  will  produce  a  longer 
lasting  contraction  o  the  traveling  wave  excitation  pattern  toward  the  base  (A*}  The  higher  the  level,  the  less  the 
overlap  with  the  detect*. f;  thus,  increasing  Intensity  will  not  cause  it  to  depolarize,  but  inhibit  its  response  still 
further.  For  Intense  tones,  therefore,  the  map  will  remain  permanently  distorted  until  the  residual  change  in  OHC 
tonus  subsides.  Individual  response  to  loud  sounds  thus  will  depend  on  the  viability  of  the  OHC 
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The  model  for  variability;  is  schematized 
in  Figure  10-8,  The  lower-left  quadrant  shows 
the  hypothetical  relationship  of  basilar  mem¬ 
brane  DC  shift  to  radial  tension  in  the  fiber 
bundles  of  the  pars  pectinate  (strings)  The 
upper-left  quadrant  shows  how  the  resonance 
frequency  of  the,  strings  depends  on  the  ten¬ 
sion  of  the  strings  (Mersenne’s  first  law  for  a 
free  undamped  string)  Finally,  the  upper-right 
comer  shows  the  standard  frequency-place 
map  for  the  mammalian  cochlea.  The  most 
pronounced  change  in  basilar  membrane  base¬ 
line  is  from  the  SV  toward  the  ST  above  the  CF 
of  the  place.  Unperturbed  from  its  “rest"  posi¬ 
tion,  the  TWE  will  map  to  a  position,  A.  If  the 
basilar  membrane  moves  toward  the  SV  ac¬ 
cording  to  the  model  (LePagc,  1990;  Appen¬ 
dix  10*1),  the  lever  action  of  the  arch  will 
produce  an  increase  in  tension  of  the  fiber 
bundles  of  the  basilar  membrane,  raising  their 
resonant  frequency.  A  fixed  tone  mapping  into 
a  small  neighborhood  of  this  place  will  map  to 
a  more  apical  place.  A'.  Conversely,  move¬ 
ment  toward  the  ST  will  slacken  the  strings, 
and  a  fixed  tone  will  map  to  a  more  basal  loca¬ 
tion,  A"  As  the  frequency  is  raised  past  the  CF, 
the  DC  transition  moves  toward  the  ST,  which 
gives  rise  to  a  scissors  effect.  That  is,  the  sup¬ 
pressive  effect  of  the  bias  will  be  effectively 
amplified  by  the  secondary  effect  of  the  sliding 
shift  of  the  transition  toward  the  base.  In  this 
scheme,  the  more  intense  the  tone,  the  more 
strongly  the  TWE  excitation  pattern  will  con¬ 
tract  towards  the  base,  away  from  the  detector 
(inner  hair  cell).  This  explains  the  sharp  cutoff 
of  tuning  curves  and  suggests  a  mechanism  for 
priming  effects  that  reduce  the  level  of  TFS 
(Canlon  et  al,  1988),  The  major  unknown 
variable  in  the  model  is  the  slope  of  the  line 
representing  the  relationship  between  basilar 
membrane  DC  displacement  and  radial  ten¬ 
sion. 

An  important  implication  of  the  variable 
place  model  is  that  it  opens  up  the  possibility 
of  permanent  remapping  of  the  cocWear  parti¬ 
tion  in  the  case  of  OHC  loss,  thereby  transfer- 
ing  the  frequency  representation  away  from 
regions  in  which  there  is  OHC  loss  to  regions 
in  which  OHCs  remain.  This  would  tend  to 
support  the  notion  of  a  “fail-safe"  mechanism 
for  the  cochlea,  in  which  audiometric  loss  is 
the  last  parameter  to  reflect  ongoing  damage. 

Conclusion 

The  data  suggest  that  hysteresis  occurs  in 
the  mechanical  displacement  of  the  basilar 
membrane.  The  recover)'  phase  takes  much 


longer  than  the  initial, changes  due  to  expo¬ 
sure.  It  is  suggested  that  high-intensity  tones 
produce  a  slackening  of  the  fibers  of  the  pars 
pectinata,  presumably  due  to  a  change  of  OHC 
turgor.  This  then  results  in  a  residual  bias  to¬ 
ward  the  ST  and  a  loss  of  sensitivity.  Secondly, 
these  tones  produce  a  residual  tonotopic  shift 
or  spatial  misalignment.  The  TWE  moves 
basalward  from  the  best  place,  so  it  is  neces¬ 
sary  to  lower  the  stimulus  frequency  to  regain 
the  maximal  response  from  the  detector.  The 
result  is  a  temporary  threshold  sliift  and  the 
observed  Instory-dependent  mechanical  re¬ 
sponses.  Permanent  loss  of  OHC  may  result  in 
varying  degrees  of  remapping  of  the  cochlea 
and  highly  unpredictable  behavioral  losses. 

Hysteresis  en  Mecanique 
Cochleaire  et  Modele  de 
la  Variability  des  Pertes 
Auditives  Induites  par  le 
Bruit 

Quatre  etudes  distinctcs  du  mouvement 
dc  la  membrane  basilaire  chez  Ic  cobaye  in 
vivo  ont  revile  un  deealage,  cn  fonction  de 
l'intensitc,  dc  1‘cnvcloppc  dc  I’onde  propagee 
h  son  extremite  apicalc.  Deuxlememcnl,  ccs 
Etudes  ont  montre  l’cxistcnce  dc  displace¬ 
ments  residucls  faisant  suite  h  une  exposition 
ft  dcs  bruits  intenses,  dcs  bouffccs  de  sons 
purs.et  dcs  bruits  impulsionnels,  Les  deplacc- 
ments  diriges  vers  la  rampc  vestibulairc  sont 
transitoires,  alors  que  ceux  diriges  vers  la 
rampe  tympanique  sont  de  longue  durec  et  nc 
disparaissent  que  lentement  ou  pas  du  tout. 

Des  expositions  repctces  on  cydiques 
depuis  les  bas  niveaux  vers  les  hauts  mveaux 
produisent  des  phenomencs  d’hysterdsis  qui 
peuvent  corresponds:  &  dcs  modifications  de 
la  turgesccncc  dcs  cellules  cillecs  extemes. 
Un  modele  relatif  au  rdle  dcs  modifications  dc 
turgescence  des  cellules  sur  la  mecanique  co¬ 
chleaire  est  decrit.  !1  prend  en  compte  l’idee 
que  la  motilite  des  cellules  cihees  externes 
produit  des  distorsjons  localisces  de  la  carte 
frequcncielte  cochleaire.  En  particular, 
l’hysteresis  qui  survient  i  la  suite  de  sons  in- 
tenses  semble  etre  du  aux  variations  de  tur- 
gescence.  Le  schema  d'excitation  continu  con¬ 
duit  ik  l’apparition  de  regions  spatialement  ad- 
jacentes  de  ccntraste  eleve,  Normalement 
elles  se  deplaccnt  vers  l’apex  quand  le  niveau 
croit,  mais  vont  vers  !a  base  lorsque  le  temps 
d’exposuion  augmente.  Avec  le  changement 
de  niveau,  de  petits  changements  de  turges- 
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cence  scront  amplifies  par  le  decalage  lc  long 
de  la  cloison  cochleatre  ct  ils  pourraient  avoir 
un  effet  puissant  sur  la  force  et  la  polaritc  de 
la  motilite  des  cellules.  Une  voic  est  par  con¬ 
sequent  duvertc  pour  expliquer  dc  nombreux 
phenomenes  cochleaires. 
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The  damaging  effects  of  loud  sound  expo* 
sure  on  a  variety  of  cochlear  responses  have 
been  studied  extensively.  Much  is  known 
about  the  changes  in  receptor  and  neural  sen* 
suivity,  and  about  the  biochemical,  morpho* 
logic,  and  physiologic  processes  that  underlie 
a  reduction  in  neural  output  from  the  cochlea 
due  to  loud  sound  exposure.  However,  only  a 
few'  studies  have  examined  the  effects  of  this 
reduction  in  outflow  from  the  cochlea  on  the 
characteristics  of  neurons  in  central  auditory 
structures  Such  neglect  would  be  justified  if 
the  changes  in  central  auditory  processing 
were  totally  explicable  in  terms  of  the  co¬ 
chlear  changes.  However,  the  extant  studies 
on  the  effects  of  loud  sounds  on  processing  in 
central  auditory  structures  suggest  that  this 
simple  model  cannot  fully  explain  the  changes 
in  central  auditory  processing.  For  example, 
many  studies  have  reported  that,  after  expo¬ 
sure  to  loud  noise,  threshold  losses  of  neurons 
in  central  auditory  nuclei  are  greater  than  co¬ 
chlear  threshold  losses,  with  different  central 
structures  being  affected  to  differing  extents 
(Babighian  et  al,  1975;  Bicdermann  et  al, 
1987;  Gerken  et  al,  1986;  Lonsbury-Martin  and 
Martin,  1981;  Salvi,  1976;  Salvi  et  al,  1975; 
Starr  and  Livingston,  1963;  Syka  and  Popelar, 
1982).  It  has  also  been  reported  that  noisc-in- 
duced  hearing  losses  can  produce  an  increase 
in  the  excitability  of  central  auditory  neurons 
(Gerken  et  al,  1986;  Willot  3nd  Lu,  1981). 


These  results  suggest  that  loud  noise  can  pro¬ 
duce  changes  in  central  auditor}'  structures 
that  are  not  simply  predicted  by  the  cochlear 
effects.  We  have  been  examining  the  effects  of 
a  frequency-specific  loss  or  decrease  in  neural 
outflow  from  the  cochlea  on  processing  in  the 
primary  auditory  cortex  (Al)  of  the  cat.  In  one 
series  of  experiments  we  examined  the  effects 
of  such  a  reduction  in  cochlear  outflow  on  the 
frequency  selectivity  of  Al  neurons  In  a  sec¬ 
ond  series,  we  examined  the  changes  in  the 
representation  of  the  cochlea  in  the  Al  in  ani¬ 
mals  with  restricted  cochlear  lesions. 

Effects  of  Losses  in 
Cochlear  Neural 
Sensitivity  on  Frequency 
Selectivity  of  Al  Neurons 

Much  of  the  processing  in  the  auditory’ 
system  appears  to  occur  in  frequency-specific 
channels  (Blauert,  1969/1970;  Jenkins  and 
Mcrzemch,  1984;  Vicrmiester,  1988).  Presum¬ 
ably,  the  substrate  for  such  streaming  is  pro¬ 
vided  by  the  sharp  frequency’  selectivity  of 
neurons  along  the  “core”  auditory  pathway 
Thus,  an  understanding  of  the  effects  of  noise 
exposures  on  the  frequency  selectivity  of  neu¬ 
rons  in  the  core  auditory  pathway  would  ap- 
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Figure  11*1  Meet  of  temporary  threshold  shifts  (TTSs)  in  cochlear  sensitivity  ever  restricted  frequency  regions  on 
the  tuning  properties  of  AI  neurons.  The  black  dots  at  the  bottom  of  each  panel  arc  the  compound  action  potential 
(CAP)  threshold  losses  caused  by  a  loud  pure  tone  cxposure’(scc  text),  measured  after  CAP  losses  had  stabilized 
Abo\c  this  arc  the  excitatory  response  areas  of  the  A!  neurons  determined  before  and  after  TTS.  Full  lines  arc  pre« 
TTS  tuning  curves,  dashed  lines  arc  post  ITS  tuning  curves,  measured  when  CAP  losses  had  stabilized.  A,  "Primary* 
like"  effects  (see  text)  on  Al  tuning  curves.  D,  “Disinhibition*  effects.  C,  “Increased  inhibition*  effects.  The  ordinate 
is  read  as  threshold  (dB  SPL)  for  the  tuning  curves  and  as  Threshold  Loss  (dB)  for  the  CAP  losses. 


pear  to  be  critical  for  understanding  how  loud 
sounds  affect  human  psychophysical  perfor¬ 
mance.  In  a  few  studies,  the  effects  of  loud 
sound  exposures  have  been  examined  on  the 
frequency'  selectivity  of  auditory  brain  stem 
and  midbrain  neurons.  In  essence,  these  stud¬ 
ies  found  that  the  effects  of  loud  sound  expo¬ 
sures  on  the  excitatory’  tuning  curves  of  neu¬ 
rons  in  these  parts  of  the  central  nervous  sys¬ 
tem  mirrored  the  effects  seen  at  the- level  of 
the  VIHth  nerve,  I.c.,  there  was  a  lok;  In 
threshold  sensitivity  at  and  around  the  charac¬ 
teristic  frequency’  (CF — frequency’  at  which 
the  neuron  had  the  lowest  threshold),  with  lit¬ 
tle  change  at  more  distal  frequencies  (Hender¬ 
son  and  Moller,  1975;  Syka  and  Popeldf,  1982; 
Willott  and  Lu,  1981).  Thus,  the  general  na¬ 
ture  of  the  loss  In  frequency  selectivity  in 
these  neurons  was  attributed  to  cochlear 
changes,  though  the  hill  extent  of  the  central 
threshold  losses  was  not  accounted  for  in 
these  terms  (Salvi,  1976;  Salvi  et  al,  1975;  Syka 
and  Popeldf,  1982;  Willott  and  Lu,  1981). 

Wc  have  examined  the  effects  on  the  fre¬ 
quency  selectivity  of  single  neurons  in  the 
middle  layers  (layers  III  and  IV)  of  the  AI,  of 
losses  In  cochlear  neural  sensitivity  caused  by 
brief  loud  pure  tone  exposures.  In  each  case, 
the  excitatory  response  area  of  the  single  neu¬ 
ron  was  first  defined.  A  brief  (1  to  10  min¬ 
utes), .loud  (100  to  115  dB  SPL),  pure  tone 
was  presented  to  the  cochlea  at  a  frequency 
Vi  octave  below  the  CF  of  the  neuron,  to  pro¬ 
duce  temporary  tlireshold  shifts  (TTS)  in  co¬ 
chlear  neural  sensitivity  at  frequencies  in  a  re¬ 
stricted  range  about  the  CF  of  the  neuron.  The 
losses  at  the  cochlea  were  monitored  in  the 
compound  action  potential  (CAP)  audiogram 
(Dallos  et  al,  1978;  Johnstone  et  al,  1979; 


Price,  1978).  When  these  losses  had  stabilized, 
the  frequency  response  area  of  the  cortical 
neuron  was  redetermined  using  the  same 
method  a*  applied  Initially. 

Three  basic  types  of  change  in  the  fre¬ 
quency  response  areas  occurred  after  loud 
sound-induced  TTS  in  cochlear  sensitivity. 
The  first  tjpe,  seen  in  approximately  22  per¬ 
cent  of  the  neurons,  basically  involved  a  loss 
of  sensitivity  reflecting  losses  at  the  periphery 
(Fig.  11-1  A).  The  second  type,  seen  in  approx¬ 
imately  4  f  percent  of  the  neurons,  was  more 
complex,  involving  a  loss  in  sensitivity  around 
the  CF  of  the  tuning  curv  e  as  well  as  an  expan¬ 
sion  of  the  response  area  (Fig.  11-1B).  The 
prc-TTS  frequency  response  area  of  this  neu¬ 
ron  was  bounded  both  laterally  and  at  higher 
intensities.  Such  circumscribed  response  areas 
in  AI  are  believed  to  be  shaped  by  inhibition 
both  from  the  lateral  frequencies  and  from  fre¬ 
quencies  from  within  the  response  area  at 
high*  intensities  (Calford  et  al,  1989;  Phillips 
and  Cynadcr,  1985).  After  the  TTS,  there  was 
a  loss  of  sensitivity  around  the  CF  region  of 
the  neuron,  corresponding  to  the  cochlear  re¬ 
gions  in  which  there  were  significant  CAP 
threshold  losses.  Additionally,  the  neuron’s  re¬ 
sponse  area  expanded  to  include  both  fre¬ 
quencies  at  which  it  had  previously  not  re¬ 
sponded  and  higher  intensities  at  frequencies 
within  the  former  response  area,  Tlic  third 
type  of  change,  seen  in  approximately  33  per¬ 
cent  of  the  neurons,  is  illustrated  in  Figure  1 1- 
1C  Hit  initial  frequency  response  area  of  this 
neuron  was  also  circumscribed.  After  the  pe¬ 
ripheral  TTS,  there  was  a  loss  in  sensitivity 
around  the  CF,  and  the  response  area  became 
more  circumscribed  in  both  frequency  and  m- 
tettfstn 
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The  first  type  of  TTSiadoccd  ctengg  in 
cortical  neural  frequency  selectivity  (fig  II- 
1A)  appears  to  mirror  ibe  Josses  21  the  periph¬ 
ery,  and  is  fairly  similar  to  the  changes  seen  in 
Vlllth  nerve  timing  cunts  (Cod)'  and 
Johns!  one.  1980;  Loosbury-Martia  and  >!c23c. 
1978).  Similar  effects  00  tuning  cunts  in  neu¬ 
rons  in  the  inferior  colliculus  bare  been  ob¬ 
served  (Popelir  and  Syka.  1982)  In  contrast, 
the  other  two  types  of  changes  observed  in  A1 
neurons  do  not  appear  to  solch'  mirror  the  ef¬ 
fects  at  the  cochlea.  Although  both  tv  pcs  of 
change  involved  a  loss  in  sensitivity  21  and 
around  the  CF,  there  were  also  complex 
changes  in  the  frequency’  selectivity  at  offCF 
frcqjcncics. 

Some  of  these  results  arc  explicable  in 
terms  of  a  mechanism  that  has  been  invoked 
to  explain  the  expansions  in  the  extern  of  the 
receptive  fields  of  somatosensory  cortical  neu¬ 
rons  occurring  immediately  after  damage  to 
restricted  parts  of  the  peripheral  receptor  ar¬ 
ray  (analogous  to  the  current  experiments).  In 
these  studies,  the  maximal  detent  of  the  pe¬ 
ripheral  receptive  field  (RF)  of  a  somatosen¬ 
sory  cortical  neuron  was  first  mapped.  VThen 
the  input  from  the  RF  to  the  neuron  was  re¬ 
moved  b>  denervation  or  local  anesthesia,  the 
cortical  neuron  immediately  acquired  a  "new" 
RF  located  on  body  parts  immediately  adja¬ 
cent  to  the  former  RF — parts  that  prior  to  the 
experimental  manipulation  had  not  been  able 
to  drive  the  neuron  (B>me  and  Calford,  1989; 
Calford  and  Twccdalc,  1990;  Mctzlar  and 
Marks,  1979;  Nakahima  ct  al,  1966).  These  re¬ 
sults  have  been  explained  by  invoking  an  hy¬ 
pothesis  of  “disinhibition"  to  explain  this  im¬ 
mediate  expansion  of  the  RF  of  the  conical 
neuron. 

This  hypothesis  is  predicated  on  the  fact 
that  central  somatosensory  neurons  receive 
excitatory  synaptic  input  originating  from  skin 
regions  outside  the  area  defined  by  the  excita¬ 
tory'  RF  of  the  neurons  (Jul,ano  and  Whitscl, 
1987,  Landry'  and  Dcschcncs,  1981,  Snow'  ct 
al,  1988;  Wall  and  Werman,  1976;  Wilson  and 
Snow,  1 990),  The  disinhibition  hypothesis 
supposes  that  the  extra-RF  synapses  arc  func¬ 
tional,  but  arc  normally  tonically  suppressed 
by  input  from  the  dominant  RF  area  (Calford 
and  Twccdalc,  1988,  1990;  Nakahima  ct  al, 
1966).  Removal  of  some  or  all  of  the  maximal 
excitatory  RF  area  would  remove  the  tonic  in¬ 
hibition  from  these  regions  onto  the  inputs 
from  the  extra-RF  regions,  thereby  “unmask¬ 
ing"  the  excitatory  drive  from  the  extra-RF  re¬ 
gions.  Tims,  as  has  been  observed  in  recent 
studies  (Byrne  and  Calford,  1989,  Calford  and 
Twetdale,  1988,  1990,  Nakahima  ct  al,  1966), 


removal  of  some  Of  a3  t£  the  tssZA  mnssaai 
excrTTTocy  RF  area  cf  a  geared  sccaacsegsocy 
oeuroa  shodd  resell  a  xn  trsxxSn*  c xpxn- 
sSoo  cf  the  RFarea  to  its  maximal  exdauxr 
extern. 

The  basic  pccdacriocs  cf  the  dbe^sbcrioo 
hypothesis  as  appBed  to  ocr  experiments  are 
xBustrated  in  Figure  11-2.  As  a  sinph5ccioa.it 
is  assumed  that  the  frequency  response  areas 
ofzndjiory  neurons  are  equivalent  to  the  RFs 
of  soarcaensorr  neurons.  The  hypothesis 
suggests  that  lateral  inhibitory  areas  (fig.  II- 
2A)  «rroaa£ag  the  excuaiorr  region  (ie, 
the  cxcxianxy  frequency  response  areas)  for 
auditory  cortical  neurons  can  also  provide  ex¬ 
citatory  input  to  the  cortical  neuron,  bat  this 
excitation  is  suppressed  by  mhibetory  input 
from  the  RF  center  (ie.  from  the  CF  region) 
Eliminating  or  reducing  the  input  from  the  CF 
region  then  should  also  reduce  the  inhibitory 
input  from  the  CF  region  onto  the  excitatory 
input  from  the  sidebands,  unmasking  the  exo- 
tatory  drive  from  these  reports  2nd  producing 
an  expansion  of  the  lateral  boundaries  of  the 
excitatory  threshold  tuning  curve  (fig. 
11-2B)  In  contrast,  if  disinhibition  is  not  in¬ 
volved  in  auditory*  cortical  plasticity’  of  the 
type  just  described,  the  loss  of  input  from  a  re¬ 
stricted  region  about  the  CF  may  only  pro¬ 
duce  changes  in  the  timing  curve  that  mirror 
the  changes  at  the  periphery  (fig.  1 1-2C) 

The  predictions  of  the  disinhibition  hy¬ 
pothesis  can  be  applied  to  the  two  complex 
post-TTS  changes  seen  in  the  frequency,  re¬ 
sponse  areas  of  cortical  neurons.  The  pattern 
of  effects  seen  in  the  second  type  of  post-TTS 
change  (Fig  11-IB)  is  consistent  with  a  loss 
or  reduction  in  the  inhibitory  inputs  to  the 
neuron  contingent  on  a  reduction  in  the  exci¬ 
tatory  drive  from  the  CF  region.  Urns,  this 
type  of  post-TTS  change  in  conical  frequency 
selectivity'  is  compatible  with  disinhibitory  ef¬ 
fects  produced  by  the  peripheral  loss  in  sensi 
tivity.  It  has  been  reported  that  sideband  inhi¬ 
bition  is  reduced  in  cochlear  nucleus  neurons 
in  noise-exposed  rats  (Henderson  and  Mollcr, 
1975),  suggesting  that  the  inhibitory  pro¬ 
cesses  might  have  been  more  affected  by  the 
reduction  in  cochlear  outflow.  However,  in 
the  third  type  of  change  seen  following  TTS 
(Fig  1 1-1C),  the  results  appear  to  be  the  con¬ 
verse  of  the  predictions  of  the  disinhibition 
hypothesis.  Instead,  such  effects  can  only  be 
explained  by  assuming  that  there  was  both  a 
loss  in  sensitivity'  contingent  on  the  peripheral 
loss  and  an  increase  in  the  inhibitory  inputs  to 
cells  of  this  type. 

These  results  show  that  the  effects  of  loud 
sound  exposures  on  the  central  auditory  sys- 
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Prediction  if  lateral  Inhibition  is  not  affected  by  TTS 


Figure  1 1*2  Illustration  of  (he  Iijpoibesis  on  the  role  of  inhibition  in  determining  the  effects  of  temporary  thresh¬ 
old  shift  (TT5)  on  the  excitatory  tuning  curve  of  primary  auditor}’  cortex  (AIj  neurons.  A.  General  rzed  example  of 
(he  excitatory  tuning  curve  of  A!  neurons  flanled  by  inhibitor}*  surrounds.  B,  Predictions  of  the  dtsinfebiiion  h>- 
potbcMS  on  the  effect  of  a  loss  in  excitatory  drive  from  around  the  characteristic  frequency  (OF)  region  (eg,  after 
a  TT5  in  cochlear  neural  sensitivity  at  frequencies  about  the  AI  neuron's  CF)  on  the  osrrall  shape  of  the  excitatory 
tuning  curse  C  Effect  on  AI  tuning  curves  if  the  TTS  has  no  effect  on  any  inhibition  shaping  the  AI  neuronal  tuning 
curse. 
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ica  crxoi  be  <&a»scd  a  ions  of  odr  a  re- 
dpftitg  jg  the  cirimioa  cf  otcnxs  ia  central 
23d£axr  structures;.  The  complex  changes  that 
mxr  have  observed  ia  ihe  At  invohmg  chaagcs 
ra  the  rcbsirc  leveis  of  both  exottaxy  »d  ia- 
tabeuxy  iapess  to  Al  neurons,  stages!  tint 
m ore  complex  phenomena  of  this  sort  oast 
be  considered  integral  10  ihe  damaging  coosc- 
cpences  of  food  sounds  on  the  auditexy  sys¬ 
tem.  Tbc  presence  of  such  complex  phenom¬ 
ena  makes  ti  difficult  to  predict  the  effects  of  a 
sound-induced  loss  in  peripheral  sensitivity  00 
information  processing  ia  tbc  auditory  cortex. 
The  rriauvdy  small  numbers  of  neurons  ex¬ 
amined  proems  us  from  drawing  any  conclu¬ 
sions  about  tbc  predominance  of  one  type  of 
effect  as  opposed  to  the  others.  The  complex 
in-  of  tbc  effects  observed  does,  however, 
make  it  imperative  that  more  studies  of  this 
sort  be  done  to  clarify  tbc  central  neurophysi¬ 
ologic  effects  of  sound-induced  losses  in  pe¬ 
ripheral  sensitivity  before  we  begin  postulat¬ 
ing  mechanisms  to  explain  tbc  effects  of  dam¬ 
aging  loud  sounds  on  human  psvchophysical 
performance. 

Effects  of  Permanent 
Losses  in  Cochlear  Neural 
Sensitivity  on  the 
Tonotopic  Organization  in 
Primary  Auditory  Cortex 

A  second  type  of  change  in  central  struc¬ 
tures,  produced  by  losses  in  peripheral  sensi¬ 
tivity,  nas  been  shown  in  recent  studies  on  the 
effects  of  restricted  damage  to  the  peripheral 
receptor  array  on  conical  -maps."  The  term 
"maps’  is  used  here  to  denote  tie  ordered 
representation  of  the  peripheral  receptor  ar¬ 
ray  that  is  found  in  central  nervous  system 
structures  of  the  major  sensory  systems. 

In  the  auditor}*  system,  the  ordered  repre¬ 
sentation  of  the  peripheral  receptor  array  of 
the  cochlea  produces  a  tonotopic  organization 
of  central  auditory  structures  reflecting  the  ba¬ 
sic  organization  of  the  cochlea.  The  cochleo- 
topic  organization  of  the  normal  cat  AI,  as  de¬ 
termined  by  microelcctrodc  mapping  tech¬ 
niques,  is  illustrated  in  Figure  11-3-  As  has 
been  shown  in  other  studies  (Merzcnich  ct  al, 
1975;  Rcalc  and  Imig.  1980),  high  frequencies 
are  represented  by  neurons  at  the  rostral  end 
of  the  AI,  and  low  frequencies  arc  represented 
by  natrons  at  the  caudal  end,  with  a  system¬ 
atic  representation  of  intermediate  frequen¬ 


cies  in  between.  In  each  Esc  of  caudzl-uvros- 
trd  penetrations,  (be  CB  of  neuron  dusters 
progressively  increased.  Beyond  the  rostral  Al 
regions  21  which  the  very  hij£i  frequencies 
(about  30  to  -40  kHz)  were  represented.  tbc 
toooeopic  sequence  reversed,  consistent  with 
the  dccirode  hiring  crossed  into  the  anterior 
auditory  fidd.  Along  the  dorsoveninl  axis  of 
tbc  AI.  poems  of  similar  CF  can  be  joined  to¬ 
gether  to  form  Bofrcqoency  lines.  In  Figure 
11-3,  such  lines  har  e  been  drawn  10  separate 
points  with  CFs  above  and  below  the  fre¬ 
quency  specified  on  tbc  line. 

Recent  studies  in  the  somatosensory  and 
auditor}'  systems  hare  shown  that  the  topo¬ 
graphic  representation  of  tbc  receptor  surface 
in  the  priman'  sensor}*  cortex  is  modifiable  in 
the  adult  following  removal  **  input  from  re¬ 
stricted  regions  of  the  receptor  surface  (Kcla- 
han  and  Doctsch,  1984;  Merzcnich  and  Kaas, 
1982;  Merzcnich  ct  al,  1983aJb,  1984;  Rasmus¬ 
sen,  1982;  Robertson  and  Irvine,  1989;  Wall 
and  Cusick.  1984).  In  the  studies  of  such  plas¬ 
ticity  of  the  somatosensory  system,  removal  of 
input  from  restricted  regions  of  the  body  sur¬ 
face  by  a  variety*  of  manipulations  results  in 
substantial  reorganization  of  the  cortical  soma- 
totopic  map.  In  brie£  the  cortical  regions  that 
normally  represented  the  skin  surfaces  from 
which  input  was  eliminated  did  not  fall  silent 
after  the  experimental  manipulation.  Instead, 
these  cortical  regions  were  occupied  by  the 
representation  of  other,  unaffected  skin  sur 
faces  adjacent  to  the  affected  areas.  A  conse¬ 
quence  of  this  plasticity  of  the  cortical  soma- 
totopic  representation  v.as  that  the  skin  sur¬ 
faces  adjacent  to  the  areas  affected  by  the  ex¬ 
perimental  manipulation  now  had  a  much 
greater  area  of  cortical  representation  (Kcla- 
han  and  Doctsch,  1984;  Merzcnich  ct  al, 
I983a4>,  1984,  Rasmusson,  1982,  Wall  and  Cu- 
sick,  198  f). 

In  an  analogous  study  in  the  auditory  sys¬ 
tem,  Robertson  and  Irvine  (1989)  showed 
that  restricted  unilateral  mechanical  lesions  of 
the  cochlea  in  adult  guinea  pigs,  producing 
permanent  losses  of  cochlear  neural  sensitivity 
over  a  restricted  frequency  range,  result  in 
plasticity  of  the  frequency  organization  in  the 
cortex  contralateral  to  the  lesioned  cochlea. 
The  basic  features  of  the  results  obtained  by 
Robertson  and  Irvine  ( 1989)  arc  illustrated  in 
Figure  1 1—4.  The  mechanical  lesion  made 
about  2  months  prior  to  Ihe  recording  session 
resulted  in  a  loss  in  CAP  thresholds  at  frequen 
cies  greater  than  10  kHz  (Fig  11-4A).  When 
the  auditor}’  concx  contralateral  to  the  Ic- 
sioned  cochlea  was  mapped  to  determine  its 
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Figure  IX -3  Tonotopic  organization  of  the  normal  cat  primary  auditory  con  ex  (Al)  to  contralateral  stimulation. 
The  inset  shows  the  location  of  the  recording  sites  in  the  Al  on  the  middle  cctosylvun  gjtus  (MEG).  Each  dot  in  the 
figure  represents  the  location  of  a  microdectrodc  penetration  made  normal  to  the  cortical  surface  Numbers  beside 
cac6  dot  represent  the  characteristic  frequency  (CF)  of  a  duster  of  neurons  recorded  in  that  penetration.  In  pene¬ 
trations  marled  IP  neuronal  dusters  were  broadly  tuned.  Isofrcqucncy  lines  have  been  drawn  to  separate  points 
with  CFs  above  and  bdow  the  frequency  denoted  at  the  top  of  the  line.  The  frequency  reversal  at  the  rostral  end  of 
the  Al  indicates  placement  of  the  dectrodc  in  the  anterior  auditory  field- 


organization  to  input  from  the  lesioned  co¬ 
chlea  (Fig.  I  I-fB),  the  representation  of  the 
low  frequencies  in  the  rostra]  auditor)'  field, 
which  was  mapped  in  greater  detail  by  these 
experimenters,  appeared  to  be  normal.  A  nor* 
mal  tonotopic  progression  of  increasing  CF 
from  1.5  kHz  to  about  9  kHz  was  observed 
with  caudal  displacement  of  the  electrode  in 
Ihis  field-  In  more  caudal  regions,  the  organiza¬ 
tion  of  the  rostral  field  was  distinctly  abnor¬ 
mal.  There  was  an  expanded  representation  of 
the  frequency  band  from  9.1  to  10  6  kHz,  and 
a  very  large  region  of  cortex  that  would  nor¬ 
mally  have  been  devoted  to  the  representation 
of  higher  frequencies  (Robertson  and  Irvine, 
1989)  now  contained  neuronal  clusters  with 
CFs  in  this  restricted  range  of  frequencies, 
corresponding  to  the  edge  of  the  region  at 
which  cochlear  losses  occurred.  Further  cau¬ 
dal  to  this  region  of  cortex  was  a  strip  of  cor¬ 
tex  in  which  neuronal  clusters  were  either  un¬ 


responsive  or  were  only  weakly  responsive  to 
auditory  input.  Finally,  caudal  to  this  strip  of 
cortex,  a  limited  amount  of  mapping  sug¬ 
gested  that  there  had  also  been  an  expansion 
of  the  representation  of  the  same  restricted 
frequency  band  in  the  caudal  field,  which  has 
a  tonotopic  organization  that  is  the  reverse  of 
the  rostral  field  (Robertson  and  Irvine,  1989). 
Thus,  the  results  of  this  study  showed  that, 
some  time  after  a  permanent- loss  in  cochlear 
neural  sensitivity,  there  was  a  reorganization 
of  the  frequency  selectivity  in  the  auditory 
cortex  such  that  neurons  deprived  of  their  CF 
input  by  the  peripheral  lesion  now  acquired  a 
new  CF  at  a  frequency  at  the  edge  of  the  re¬ 
gion  of  cochlear  losses.  Significantly,  neuronal 
responses  in  the  reorganized  areas  were  vigor¬ 
ous,  and  thresholds  of  clusters  of  cortical  neu¬ 
rons  in  these  regions  were  not  significantly 
different  from  normal  thresholds  at  those  fre¬ 
quencies. 


EFFECT  OF  FREQUENCY-SPECIFIC  LOSSES 
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Figure  11-4  Effect  of  permanent  losses  in  cochlear 
neural  sensitivity  over  a  restricted  frequency  range  on 
the  tonotopic  organization  of  auditory  cortex  in  the 
guinea  pig.  A,  Open  circles  represent  the  compound 
action  potential  (CAP)  audiogram  foe  this  animal,  roca- 
suretFat  the  time  of  the  corhcal  recording  session.  The 
bbcfc  dotsand  the  stippled  region  represent  the  mean 
normal  audiogram  for  normal  animals  (—  1  SD.).  B. 
Organization  of  characteristic  frequencies  (CF)  in  the 
cortex  contralateral  to  the  lesioocd  cochlea,  to  stimuh- 
tioo  of  the  ksioned  cochleae  >  lapping  was  done  with 
microdcctrodc  penetrations  made  normal  to  the  corti¬ 
cal  surface.  Penetrations'*.  maxVed  “A"  show  neuronal 
dusters  that  responded  only  wyaUy  to  auditory  input 
in  general,  and  for  which  no  CF  could  be  determined. 
The  rostral  auditor)-  fidd  in  the  guinea  pig,  mapp&l  in 
greater  detail  here,  normally  contains  a  tonotopic  pro¬ 
gression  with  low-CF  neurons  at  the  rostral  edge  of  the 
fidd  and  highCF  neurons  at  the  caudal  edge  of  the 
field,  which  abuts  the  caudal  auditor)’  field.  The  caudal 
field  has  a  tonotopic  organization  that  is  the  reverse  of 
that  of  the  rostral  field,  such  that  the  high  frequency 
representations  of  the  two  fields  abut  each  other.  In 
penetrations  marled  “X*  neuronal  dusters  were  not  re¬ 
sponsive  to  the  auditor)*  stimuli  used.  *15“  indicates  the 
position  of  the  lateral  sulcus.  From  Robertson  D,  Imne 
DRF.  Plasticity  of  frequency  organization  in  auditory 
cortex  of  guinea  pigs  with  partial  unilateral  deaftv*i 
J  Comp  Neurol  1989;  282:456-471. 


We  have  examined  the  occurrence  of  ef¬ 
fects  in  ihe  cat,  reported  by  Robertson  and 
Imne  (1989),  to  determine  the  generality  of 
their  finding  of  plasticity  of  the  frequency  or¬ 
ganization  in  the  adult  auditor)*  cortex.  We 
cmplo>ed  similar  techniques  to  create  me¬ 
chanical  lesions  on  a  restricted  region  of  the 
basilar  membrane  (BM)  in  the  left  cochlea  of 
adult  cats.  After  a  rcco\  cry  period  of  a  few 
months,  CAP  audiograms  were  measured,  and 
the  tonotopic  organization  of  the  right  AI  was 
determined,  under  barbiturate  anesthesia. 

The  mechanical  lesions  to  the  BM  typi¬ 
cally  produced  high-frequency  losses  at  the 
cochlea.  An  example  of  such  a  loss  in  cochlear 
neural  sensitivity  is  illustrated  in  Figure  1 1-5A, 
In  this  animal,  small  losses  in  the  CAP  oc¬ 
curred  at  20  kHz,  becoming  significant  by  22 
UIz  and  larger  at  ail  higher  frequencies.  The 
effects  of  these  losses  on  the  cochlcotopic  or¬ 
ganization  of  AI  contralateral  to  the  lesioned 
cochlea  arc  illustrated  in  Figure  1 1-5B.  In  this 
animal,  the  low  frequencies  below  about  8 
kHz  were  located  in  the  bank  of  the  posterior 
cctosylvian  sulcus  (PES),  and  two  penetrations 
made  along  the  bank  of  PES  recorded  a  pro¬ 
gressive  decrease  in  CFs  with  increasing  dis¬ 
tance  down  the  bank.  CFs  higher  than  about  8 
kHz  were  represented  on  the  surface  of  the 


middle  cctosylvian  gyrus.  Moving  from  the 
caudal  end  of  the  gyrus  there  was  a  progres¬ 
sive  increase  in  the  CFs  of  neuron  dusters, 
and  isofrcqucncy  lines  progressively  shifted 
rostrally  with  increasing  CF  until  about  19 
kHz,  as  in  normal  animals  However,  beyond 
the  19-kHz  isofrcqucncy*  line,  the  tonotopic 
organization  was  distinctly  abnormal  (see  Fig. 
1 1-3).  All  further  rostral  penetrations  yielded 
neurons  with  CFs  between  19  and  about  21 
kHz  (except  for  one  point  with  a  CF  of  18  2 
kHz).  The  region  of  cortex  with  CFs  in  this  re¬ 
stricted  range  spanned  a  distance  of  about  1.5 
to  2  mm  and,  given  that  all  of  the  most  rostral 
points  still  had  CFs  within  this  range,  may 
have  extended  even  further. 

The  presence  of  a  much  larger  than  nor¬ 
mal  (i  c.,  expanded)  region  of  cortex  in  which 
all  neurons  have  a  limited  range  of  CF  does 
not  in  itself  mean  that  a  plastic  reorganization 
of  the  tonotopic  map  has  occurred.  As  noted 
by  Robertson  and  Irvine  (1989),  if  cortical 
neurons  have  tuning  curves  that  extend  to  a 
range  of  frequencies  below  CF,  the  largcr- 
than-normal  representation  of  a  frequency  at 
the  edge  of  a  cochlear  lesion  may  simply  rep 
resent  residual  drive  in  the  high-CF  neurons 
deprived  of  CF  input  by  the  peripheral  lesion. 
That  is,  a  cortical  neuron  deprived  of  its  CF  in- 
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Figure  11*5  Tonotopic  organization  of  the  right  primary-  auditory  cortex  (A!)  in  a  cat  in  which  a  mechanical  lesion 
was  made  In  the  left  cochlea  about  2  months  prior  to  cortical  mapping  A.  Compound  action  potential  (CAP)  audio¬ 
gram  from  the  left  cochlea  at  the  time  of  cortical  mapping.  The  stippled  area  represents  the  range  &  1  S.D,  around 
the  mean  audiogram  from  normal  animals.  In  the  test  animal,  the  CAP  audiogram  lay  within  this  range  until  about 
20  KHz,  af  which  there  was  a  loss  of  about  6  dB  compared  to  normal  mean  CAP  thresholds  Thereafter,  CAP  losses 
in  this  animal  were  considerably  greater  D,  Tonotopic  organization  of  the  A1  contralateral  to  the  tcsioned  cochlea 
to  stimulation  of  that  cochlea.  Tildes  indicate  that  the  assigned  CF  was  the  midpoint  of  a  narrow  range  of  frequen¬ 
cies  (no  more  than  3  JJIz  wide)  to  which  the  neuronal  clusters  were  equally  sensitive.  Note  the  rostral  region 
containing  an  expanded  representation  of  the  frequency  range  19  to  20  9  KHz.  Two  rostral  points  are  marked  with 
an  asterisk  to  indicate  that  they  had  very  high  thresholds  (about  50  dB  SPL). 
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put  would  still  be  able -to  respond  to  the 
lower  frequencies  that  fell  within  its  response 
area  and  would  thus  exhibit  a  'new”  CF  at  a 
frequency  at  the  edge  of  the  lesion.  However, 
given  the  sharp  frequency  tuning  of  most  AI 
neurons  (Phillips  and  Irvine,  1981),  residual 
responses  of  this  sort  would  have  higher-than- 
norrnal  thresholds.  Thus,  assessing  whether 
the  expanded  representation  is  a  manifestation 
of  plasticity  depends  critically  on  whether  the 
CF  thresholds  in  the  region  of  expanded  rep¬ 
resentation  are  comparable  to  normal  thresh¬ 
olds. 

We  therefore  compared  the  CF  thresholds 
in  the  expanded  region  to  the  CF  thresholds 
in  normal  cortical  regions  immediately  adja¬ 
cent  to  the  region  of  nominal  expansion,  se¬ 
lecting  all  points  within  the  2-kHz  band  of  fre¬ 
quencies  just  caudal  to  the  start  of  the  region 
of  expansion  as  the  “normal"  band  for  compar¬ 
ison.  Hie  adjacent  2-kHz  band  was  chosen  be¬ 
cause  this  band  of  frequencies  was  sufficiently 
close  so  as  to  be  unaffected  by  the  confound¬ 
ing  factor,  of  differences  in  normal  cochlear 
sensitivity.  In  the  case  illustrated  m  Figure 
11*5,  the  “control"  points  were  the  12  points 
lying  between  the  17-  and  the  19-kHz  isofre¬ 
quency  lines.  The  mean  threshold  for  these 
points  was  about  7  dB  lower  than  the  mean 
threshold  in  the  region  of  expansion.  Although 
this  difference  was'  statistically  significant,  It 
can  be  acountcd  for  by  the  loss  of  6  dB  in  the 
CAP  threshold  at  the  frequencies  of  expan¬ 
sion,  compared  to  normal  CAP  thresholds  at 
these  frequencies. 

In  all  cases  with  lesions  made  to  re¬ 
stricted  rcgions.of  the  BM,  we  have  observed 
the  basic  phenomenon  of  an  expansion  of  the 
cortical  representation  of  a  restricted  band  of 
frequencies  represented  at  BM  loci  at  the  edge 
of  the  region  affected  by  the  lesion.  This  con¬ 
firms  the  results  obtained  by  Robertson  and 
Irvine  (1989)  In  the  guinea  pig  and  extends 
the  generality  of  the-rcsult  to  another  mamma- 
lian  species.  As  illustrated  by  the  consider¬ 
ation  of  thresholds  in  the  regions  of  reorgani¬ 
zation,  trie  expanded  cortical  representation 
of  a  frequency  band  at  the  edge  of  a  peripheral 
lesion  appears  to  represent  a  genuine  plastic 
reorganization  of  the  frequency  map  rather 
than  just  the  result  of  residual  drive  from  the 
edge  frequencies. 

These  results  reveal  a  large  degree  of  plas¬ 
ticity  in  a  cortical  map  of  the  adult  auditory 
system,  similar  to  the  plasticity  observed  in 
maps  of  adult  central  nervous  system  struc¬ 
tures  In  other  sensory  systems  (Byrne  and  Cai- 
ford,  198®;  Calford  and  Twecdale,  1988,  1990, 
Devorand  Wall.  1978, 1981;  Doytrovsky  et  ah 


1976;  Kelahan  and  Doetsch,  1981;  Merrill  and 
Wall,  1978;  Mcrzenich  and  Kaas,  1982, 
Merzenich  et  al,  1983a,b,  1984;  Rasmusson,’ 
1982;  Wall  and-Cusick,  1984;  Wilson  and 
Snow,  1990).  This  suggests  that  this  phenome¬ 
non  is  common  among  sensory  representa¬ 
tions  in  the  adult  central  nervous  system.  How 
such  plasticity  of  frequency  selectivity  and  au¬ 
ditory  cortical  maps  after  damage  to  the  pe¬ 
ripheral  receptor  array  affects  perceptual  func¬ 
tion  is  still  a  matter  of  speculation.  Neverthe¬ 
less,  the  reorganization  of  the  tonotopic  map 
and  the  expanded  representation  of  frequency 
regions  adjacent  to  the  regions  of  cochlear 
losses  may  result  in  abnormal  patterns  of  pro¬ 
cessing  in  an  auditory  cortex  showing  such  ef¬ 
fects. 


Effets  des  Deficits  Auditifs 
sur  la  Selectivity  en 
Frequence  et  sur 
(’Organisation 
Tonotopique  du  Cortex 
Auditif 


bes  aires  corticalcs  primaircs  de 
Taudition,  dc  la  somcsthcsic  cl  de  la  vision 
comicnnent  unc  representation  ordonnee  du 
champ  reccptcur  pcripllcriquc.  Dans  la  somes- 
thesie  et  la  vision,  ccttc  topographic  corre¬ 
spond  a  des  “cartes"  rcspcctlves  de  I’cspacc 
corporcl  et  de  Tcspacc  visucl.  Dans  1c  systente 
auditif,  la  representation  ordonnee  de  Torganc 
reccpteur  pcripherlque  correspond  it  unc  or¬ 
ganisation  tonotopique  du  cortex  auditif  pn- 
maire  (AI).,  les  hautes  frequences  sont  repre- 
sentccs  it  un  bout  du  champ  cortical  et  les 
basses  frequences  4  Tautre,  avec  les  fre¬ 
quences  intermediaircs  entre  les  deux.  Beau- 
coup  d'etudes  recentcs,  prlncipalement  du 
systbme  somesthesique,  ont  ntontre  que  la 
representation  topograpluque  corticalc  est 
malleable  non  seulcmcnf  chez  un  orgamsme 
cn  coins  dc  dcveloppement  mais  aussi  chez 
Tadulte  suite  a  Tehnunation  d’informations  en 
provenance  dc  regions  specifiques  et  re- 
streintes  de  la  surface  du  rcceptcur  penphe- 
rique.  Dans  le  systeme  auditif  pcripllcriquc, 
Robertson  et  Irvine- (1989)  ont  ntontre  que 
chez  le  cobaye  adulle,  des  lesions  cochlfaures 
unilateralcs  et  restreintes  provoquant  des 
pertes  permanentes  de  la  sensibihtc  neuro  co- 
chleairc  sur  unc  etendue  rcstremte  de  fre¬ 
quences,  entrainaient  unc  plasticite  de 
i’orgatiisation  en  frequence  dans  !c  cortex.au- 
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diuf  contralateral  k  la  cochlee  lesec,  De  35  a 
81  jours  apres  la  lesion,  (’analyse  dc  la  sensibil- 
itc  des  groupements  de  neurones  dans  le  cor¬ 
tex  auditif  contralateral,  revele  que  l’atrc  corti- 
cale  ou  le  domaine  frequcnticl  lese  aurait  nor¬ 
mal  cm  ent  etc  represente  est  partiellement  oc- 
cupe  par  une  expansion  des  domaines 
frequenticls  adjacents  au  domains  frcquentiel 
endomraage  par  la  lesion  Les  reponscs  des  neu- 
rones  dc  1‘airc  reorganisce  sont  vigoureuscs  ct 
les  scuils  des  groupements  de  neurones  corti* 
caux  nc  sont  pas  differents  des  seuils  normaux  & 
ccs  frequences.  Ccs  effets  n’ont  pas  etc  ob¬ 
serves  quand  Ic  cortex  contralatdral  dtait  ex* 
amine  quelques  heures  aprds  la  realisation  des 
lesions. 

Chez  le  chat,  cn  utihsant  des  Idsions  co- 
chlcaircs  induites  mecaniquement  ou  par  du 
bruit,  nous  avons  tentd  de  reproduire  les  re- 
sultats  de  Robertson  ct  Irvine  ct  dc  ddterminer 
s’il  est  possible  dc  generaliscr  leur  decouvcrtc 
relative  &  la  plasticitd  dc  l’organisation  frdqucn- 
ticllc  du  cervcau  adultc.  La  robustessc  du  chat 
en  tant  qu’animal  experimental,  nous  a  permis 
d’examiner  d’autres  aspects  dc  la  plasticitd, 
telle  que  I'arrivec  d’i  nformat  ions' binaurales 
dans  la  rdgion  de  reorganisation  frequeniiellc, 
Dans  l’dtudc  dc  Robertson  ct  Irvine,  la  carte  en 
frdquencc  du  cortex  auditif  contralatdral  & 
i’orcilic  lesec,  a  die  examinee  en  utilisant  des 
stimulations  monauralcs  dc  Torcillc  Idsde  car  la 
grande  majoritd  des  neurones  auditifs  corti- 
caux  d’un  hemisphere  resolvent  des  affercnces 
exei lattices  cn  provenance  de  l’orcillc  con- 
tralatcrale.  Cependant,  la  plupart  de  ces  neu¬ 
rones  r^oivent  aussl  des  Informations  cn  prove¬ 
nance  dc  I’orcillc  ipsilatcralc.  Nous  avons  es« 
sayc  dc  ddtemiinersl  les  affercnces  d’orlgine  ip- 
silateralc  des  neurones  de  la  rdgion  d’expansion 
et  dc  rdorganisation  maintiennent  un  registre 
normal  entre  les  cartes  frdqucntlcllcs  Ipsllat- 
dralcs  et  contralatcralcs,  Finalement,  afin  dc 
tenter  d'dlucldcr  les  mdcanlsmes  qul  pour- 
raient  contnbucr  &  cette  plasticitd,  nous  avons 
examine  les  effets,  indults  par  le  bruit,  dc 
rdamdnagements  temporaires  des  scuils  de 
scnsibilitd'ncuro-cochldairc  sur  la  sdlectivitd 
cn  frdqucnce  des  neurones  du  cortex  aud¬ 
itif. 
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our  understanding  of  the  peripheral 
effects  of  noise  on  Inner-car  structures  and  the 
mechanisms  underlying  these  effects  in* 
creases,  so  docs  concern  about  the  central 
consequences  of  noise-induced  pathology  as 
well  as  the  effects  of  deafness  on  the:  central 
auditory  system.  From  studies  dating  to  the 
last  century,  \vc  know  that  normal  structure 
and  function  of  the  central  pathways  of  sen¬ 
sory  systems  depend  on  the  integrity  and  ac¬ 
tivity  of  the  receptor  (Coleman  and  Buell, 
1985),  In  aging,  as  well  as  in  development,  an¬ 
atomic  studies  suggest  that  afferent  Input 
strongly  influences  axonal  and  dendritic  char¬ 
acteristics,  synapse  morphology  and,  to  a 
lesser  degree,  cell  size.  It  is  apparent  that  the 
“hard-wired*  concept  of  brain  circuitry  is  not 
correct.  Rather,  the  capacity  for  neural  reorga¬ 
nization  in  response  to  the  presence  or  ab¬ 
sence  of  afferent  input  is  now  well  established. 
In  the  auditory  system,  the  dependency  of  au¬ 
ditory  nerve  and  central  auditory  structures 
on  normal  cochlear  function  has  been  well  de¬ 
scribed  in  both  neonatal  and  mature  animals. 
Although  the  effects  tend  to  be  more  dramatic 
in  the  neonate,  they  certainly  are  evident  in 
the  mature  auditory  system. 

In  the  auditory  system,  such  studies  have 
taken  on  a  special  emphasis  with  the  develop¬ 
ment  of  clinical  procedures  to  bypass  the 
pathologic  receptor  and  directly  activate  cen- 
tral  auditor)'  patlis  in  an  attempt  to  rehabili¬ 
tate  the  profoundly  deaf.  It  seems  intuitive 
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that  the  development  and  application  of  co¬ 
chlear  and  central  nervous  system  (CNS)  pros* 
theses  depend  on  the  condition  of  the  audi¬ 
tor)’  nerve  and  the  rest  of  the  central  auditory 
pathways.  Increasingly,  data  indicate  that  the 
benefits  of  a  prosthesis  depend  on  the  integ¬ 
rity  of  the  auditory  nerve  and  secondary  cen¬ 
tral  auditor)*  structures.  Direct  observations 
supporting  this  contention  include  animal 
studies  that  illustrate  r*  relationship  between 
the  threshold,  dynamic >  range  of  hearing  and 
discrimination  performance,  and  the  density 
of  surviving  spiral  ganglion  cells  (SGCs) 
(Pfingsi  et  al,  1981,  1983,  1985,  1988).  Indi- 
rcct  observations  are  based  on  findings  in  hu¬ 
man  beings  of  an  inverse  relationship  between 
perceptual  benefits  and  length  of  deafness  be¬ 
fore  implantation,  and  between  perceptional 
benefits  and  interaction  of  signals  across  stim¬ 
ulation  electrodes  (“channel  interaction"), 
both  presumably  reflecting  a  decreased  den¬ 
sity  of  nerve  fibers  (Kileny  and  Zimmerman- 
Phillips,  1988). 

Most  recently,  observations  have  indi¬ 
cated  that  under  some  conditions,  the  central 
degenerative  consequences  of  inner-ear  deaf¬ 
ness  may  be  reduced.  Together  these  observa¬ 
tions  raise  three  questions.  (1)  What  is  the 
state  of  our  current  knowledge  of  the  conse¬ 
quences  of  deafness  on  central  auditory  struc¬ 
tures’  (2)  What  are  the  mechanisms  that  may 
underlie  these  changes?  (3)  To  what  extent 
are  they  preventable  or  reversible? 


DEAFNESS  INDUCED  CHANGES  IN  TOE  CENTRAL  NERVOUS  SYSTEM 
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Current  Knowledge 
on  Central  Consequences 
of  Deafness 

Deprivation  of -sensory'  input  can  have 
profound  effects  on  the  structure  and  function 
of  an  afferent  neural  network.  Most  dramatic 
are  the  changes  that  take  place  m  the  develop- 
ing  organism.  These  effects  have  been  particu¬ 
larly  well  described  in  the  visual  system;  Hu* 
bel  and  Wlesel  have  made  hallmark  contribu¬ 
tions  (Hubei  and  Wicscl,  1965;  Wiesel  and 
Hubei,  1965;  Hubei  et  al,  1976,  1977).  Unilat* 
era!  visual  deprivation  during  development 
permanently  eliminated  representation  of  the 
deprived  eye  in  binocular  cells  within  visual 
cortex.  It  is  interesting  that  if  the  monocular 
deprivation  is  reversed  within  a  critical  period 
of  development,  the  physiologic  changes  can 
also  be  reversed  (Wicscl  and  Hubei,  1965). 
Thus,  not  only  can  reduced  afferent  input  dc« 
crease  the  functional  projections  of  the  sys* 
tern,  but  stimulation  can  increase  functional 
connectivity.  Moreover,  in  rats  with  monocu¬ 
lar  deprivation,  there  is  an  extensive  hciW* 
spheric  ingrowth  of  callosal  fibers,  which  in¬ 
vade  and  make  functional  connections  on  bln* 
ocularly  deprived  cells  within  the  contralat¬ 
eral  hemisphere  (Lund  ct  al,  1984),  Many  of 
these  fibers  would  be  gradually  lost  In  the  nor¬ 
mal  preparation,  reflecting  routine  pro¬ 
grammed  cell  death  that  occurs  widely 
throughout  the  nervous  system,  Tlius,  activity 
may  permanently  eliminate  the  development 
of  functional  afferent  connections  and  may  re¬ 
duce  programmed  cell  death  by  promoting 
growth  of  neuronal  processes  in  the  visual  sys¬ 
tem.  In  general,  these  findings  arc  consistent 
with  observations  in  the  somatosensory  (Har¬ 
ris  and  Woolscy,  1981),  olfactory  (Mcisantl, 
1976;  Meisaml  and  Manoochehrl,  1977),  and 
auditory  systems. 

In  the  auditory  system,  previous  studies 
on  both  neonatal  and  mature  mammalian 
models  indicate  that  deafening  can  produce 
significant- morphologic  changes  in  the  central 
pathways.  These  changes  are  most  obvious 
when  the  deafening  occurs  during  develop¬ 
ment,  In  neonatally  sound  deprived  mice, 
Webster  and  Webster  ( 1977)  found  that  both 
globular  cells  of  the  ventral  cochlear  nucleus 
(CN)  and  principal  cells  of  the  medial  nucleus 
of  the  trapezoid  body  were  reduced  in  size, 
and  that  the  dorsal  CN  was  reduced  in  vol¬ 
ume.  These  findings,  although  of  a  lesser  ex¬ 
tent,  were  similar  to  those  observed  in  the 
brain  of  a  9-ycar-oId  child  with  profound  con¬ 
genital  sensorineural  hearing  loss  (Webster 


and  Webster,  1977)<  Following  cochlear  abla¬ 
tion  in  neonate  mice,  Tnine  (1982)  found 
fewer  and  smaller  neurons  in  the  octopus  cell 
and  multipolar  cell  regions,  as  well  as  in  the 
ipsilateral  cochlear  nucleus  in  the  deep  layer 
of  the  dorsal  cochlear  nucleus.  Additionally, 
he  observed  fewer  normal-sized  spherical  and 
globular  cells.  In  cats  with  fully- developed  au¬ 
ditory  systems,  cochlear  ablation  results  in  a 
significant  reduction  in  volume  of  the  CN  and 
nuclei  of  the  superior  olivary  complex,  pri¬ 
marily  due  to  a  reduction  of  cell  size,  with  no 
obvious  decrease  in  cell  number  (McGcc  and 
Olszewski,  1962;  Powell  and  Erulkar,  1962; 
Kane,  1974).  Similar  findings  were  observed  in 
the  adult  guinea  pig  cochlear  nucleus  by  Web¬ 
ster  and  Webster  ( 1978)  and  gerbil  CN  (Hash- 
isaki  and  Rubcl,  1989). 


Human  Investigations 

The  questions  and  challenges  in  this  area 
of  research  can  be  defined  on  the  basis  of  the 
examination  of  human  material.  Figure  12*1  il¬ 
lustrates  the  results  of  an  analysis  of  auditory 
nerve  survival  and  cochlear  pathology’  in  the 
temporal  hones  of  a  62-ycar-old  male  who  was 
bilaterally  profoundly  deaf.  He  bad  lost  hear¬ 
ing  in  his  right  ear  following  a  mastoidectomy 
40  years  prior  to  death.  Deafness  in  his  left  car 
occurred  as  a  result  of  a  slowly  progressive 
hearing  loss  from  1952  onward.  In  1987  he 
was  implanted  with  a  nucleus  cochlear  pros¬ 
thesis,  which  he  used  regularly  during  the  last 
9  months  of  his  life.  The  principal  finding  of 
this  temporal  bone  analysis  is  that  there  is  a 
close  relationship  between  SGC  survival  and 
damage  to  structures  of  the  organ  of  Coni, 

The  central  auditory  structures  in  the  pa¬ 
tient  described  above  were  also  examined. 
Figure  12*2  illustrates  a  comparison  between 
the  ventral  CN  in  a  normal  subject  (Fig, 
12-2A)  and  the  bilaterally  deaf  patient  (Fig. 
12-2B).  In  the  deaf  subject,  the  CN  shows  a 
markedly  increased  packing  density  of  neu¬ 
rons  and  gha  and  a  much  more  diffuse  staining 
of  cellular  elements.  The  greater  density  of 
cells  in  the  ventral  nucleus  is  highly  sugges¬ 
tive  of  regression  of  auditory  nerve  axons  and 
their  collateral  branches.  Diffuse  neuronal 
staining  was  also  observed  in  higher  auditory 
nuclei,  and  was  particularly  obvious  in  cells  of 
the  media!  superior  olive  (Fig,  12-3 A).  The 
change  in  staining  characteristics  was  re¬ 
stricted  to  auditory'  structures  and  was  not 
present  in  other  brain-stem  structures  in  the 
deaf  patient,  as  evidenced  by  the  normal  ap* 
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CENTRAL  CHANGES 


Figure  12-1  Reconsinicuon  of 
surviving  spiral  ganglion  cells  in 
the  right  (RI>)  and  left  (AS)  ears 
of  a  profoundly  deaf  human.  Hie 
left  ear  was  implanted  with  a 
cochlear  prosthesis.  Initial 
placement  of  the  prosthesis  is 
indicated  by  the  white  line  in  the 
figure  of  the  cochlea,  it  was 
subsequently  moved  to  the 
position  indicated  by  the  dark 
ime  In  the  cochlea  drawing. 
Damage  to  the  spiral  ligament 
(SL)  and  basilar  membrane  (BM) 
occurred  at  sites  indicated. 
Essentially,  all  sensory  elements 
were  eliminated  from  the  first  half 
of  the  basal  turn  in  the  implanted 
car.  In  both  ears  it  .was  a  gradual 
Increase  in  sensory  clement 
survival  from  base  to  apex.  A 
dose  correlation  was  found 
between  surviving  sensory 
elements  and  surviving  neural 
fibers. 


pcarancc  of  cells  in  <hc  facial  nucleus  (Fig.  12- 
3B) 

Our  observations  in  this  patient  lend  sup¬ 
port  to  the  suggestion  that  auditory  nerve  sur¬ 
vival  depends  on  the  survival  of  supporting  el¬ 
ements  of  the  organ  of  Cord  (Ghoraycr  ct  ai, 
1980).  On  the  other  hand,  from  this  work,  as 
well  as  from  material  published  by  others.  It 
docs  not  seem  possible  to  separate  extensive 
inner  hair  cell  loss  from  loss  of  supporting  el¬ 
ements  as  causative  factors  in  producing  audi¬ 
tory  nerve  degeneration.  It  seems  obvious 
from  our  observations,  in  addition  to  the  liter¬ 
ature  on  human  subjects,  that  a  wide  variety 
of  factors- contribute  to  auditory  nerve  and 
secondary  pathway  degeneration.  Indeed, 
there  are  even  observations  of  auditory  nerve 
degeneration  and  concomitant  hearing  loss  In 
the  presence  of  normal  hair  cells  and  organ  of 
Coni  following  aminoglycoside  treatment  (Hi¬ 
nojosa  and  U'tncr,  1987).  In  general,  in  the  lit¬ 
erature  on  human  subjects,  a  wide  spectrum 
of  eighth-nerve  survival  has  been  reported 
with  inner-ear  pathology  (ottc  ct  al,  1978;  Hi¬ 
nojosa  and  Marion,  1983),  which  to  a  limited 
extent  appears  to  depend  on  the  etiology  of 
deafness  (Bergstrom,  1975;  Hinojosa  and  Mar¬ 
ion,  1983).  These  data  Indicate  that  a  number 
of  factors  involved  with  normal  inner-car  func¬ 
tion  may  contribute  to  maintenance  of  a  nor¬ 
mal  auditory  nerve;  also,  as  demonstrated  in 
controlled  animal  investigations,  a  number  of 
peripheral  mechanisms  underlie  auditory 
nerve  survival.  We  suggest  that  controlled  ani¬ 


mal  studies  In  parallel  with  tile  investigation  of 
human  material  arc  necessary  to  clearly  define 
die  factors  that  contribute  to  CNS  changes 
with  deafness. 


Animal  Investigations 

To  pursue  these  questions  under  con¬ 
trolled  conditions,  wc  have  studied  degenera¬ 
tion  in  the  ototoxlcally-dcafcncd  guinea  pig. 
The  combination  of  kanamycln  and  cthacrynlc 
acid  in  a  single  systemic  injection  as  described 
by  West  ct  al  (1973)  lias  been  used  through¬ 
out  these  studies.  Tills  drug  produces  a  pro¬ 
found  deafness  with  a  typically  complete  elim¬ 
ination  of  all  hair  cells  except  a  few  scattered 
outer  hair  cells  remaining  at  the  apex  of  the 
cochlea,  With  such  broad  destruction  of  hair 
cells  of  the  organ  of  Cortl,  widespread  degen¬ 
eration  of  auditory  nerve  and  SGCs  begins  1  to 
2  weeks  following  drug  administration.  By  9 
weeks  tile  density  of  SGCS  has  been  reduced 
to  approximately  50  percent  of  normal;  by  16 
weeks  it  is  reducer!  to  20  to  25  percent  of 
normal  (Fig.  I2-I)  Although  there  is  signifi¬ 
cant  variability  across  animals  within  this 
group,  as  Figure  12-1  shows,  a  reliable  and 
consistently  progressive  change  in  ceil  sur¬ 
vival  was  observed.  In  animals  with  a  sparing 
of  hair  cells  in  the  apical  region  of  the  cochlea 
(approximately  one  In  ten,  with  the  drug  dose 
used)  significant  survival  of  SGCs  in  the  apex 
of  the  cochlea  was  observed.  As  opposed  to 
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Figure  12*2  Ventral  cochlear  nucleus  In  a  normal  hearing  person,  A,  and  t  bilaterally  deaf  person,  Ik  Note  in¬ 
creased  packing  density  of  neurons  and  glia  and  diffuse  staining  of  cells  in  the  nucleus  of  the  deaf  subject. 


the  findings  of  Hinojosa  and  Lerner  ( 1987)  in  sis  that  auditory  nerve  survival  depends  on  the 

human  subjects,  discussed  earlier,  we  inter*  presence  of  functioning  hair  cells,  rather  than 

pret  these  observations  to  indicate  that  in  the  on  supporting  elements  of  the  organ  of  Corti, 

guinea  pig  SGC  degeneration  is  closely  corre-  Indeed,  across  a  variety  of  pathologic  matenal 

lated  with  hair  cell  destruction.  Degeneration  in  the  guinea  pig,  our  observations  support 

docs  not  appear  to  be  a  direct  effect  of  the  this  view. 

ototoxic  drug  on  distal  processes  of  the  audl*  These  data  have  recently  been  extended 
tory  nerve  fibers  in  this  preparation.  More*  to  examine  the  effects  of  deafening  on  cells  of 

over,  the  observation  that  initial  SGC  degener-  the  CN.  In  a  preliminary'  study,  we  measured 

ation  could  be  seen  in  less  than  2  weeks  fob  the  areas  of  nucleolus  containing  somatic  pro- 

lowing  drug  adm'nistration,  as  well  as  in  prep-  files  in  the  rostral  anteroventral  cochlear  nu- 

orations  in  which  a  relatively  normal  deus  (AVCN)  in  guinea  pigs  12  months  after 

supporting  structure  of  the  organ  of  Corti  ototoxic  drug  administration.  Figure  12-5 

could  yet  be  observed,  support  the  hypothe-  shows  that  we  observed  a  15  to  20  percent 
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Figure  12-3  A,  Cells  of  the  media)  superior  o)i\c  in  a  deaf  person*  Note  diffuse  staining  If,  Cells  of  the  facial  mi. 
clcus  from  same  subject.  Note  normal  staining. 


decrease  in  somatic  area.  These  findings  cor¬ 
roborate  those  of  others  who  studied  the  CN 
of  long  term  deafened  animals  (Hashisaki  and 
Rubel,  1989,'  Basic  and  Rubcl,  1989a). 

Functional  Implications 
of  CNS  Changes 

It  would  seem  obvious  that  with  degener¬ 
ation  of  auditory  nerve  and  changes  in  cells  of 
the  auditor)'  brain  stem  the  responsiveness  of 
the  central  auditoty  pathways  to  excitation 


would  be  significantly  reduced.  Because  in 
these  preparations  the  receptor  is  damaged, 
the  usual  approach  of  assessing  CNS  respon¬ 
siveness,  using  acoustic  stimulation,  cannot  be 
employed.  One  alternative  approach  is  the  use 
of  electrical  stimulation  that  can  bypass  the 
auditory  receptor.  Smith  and  Simmons  (1983) 
demonstrated  that  the  slope  of  the  amplitude 
input/output  function  for  tile  electrically 
evoked  auditory  brain  stem  response  (EABR) 
was  reduced  with  a  reduction  in  density  of 
SGCs  in  pathologic  cat  preparations.  Hall 
( 1990)  demonstrated  that  various  measures  of 
the  EABR  amplitude  strongly  correlate  with 
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Figure  12-5  Spherical  ccll  scc  in  ihc  a?j- 
icrovcmral  cochlear  nodcuf  of  guinea  pips 
12  months  following  orotoix  drug  ue2t< 
ment  and  of  age-matched,  normal  hearing 
subjects. 


SC»C  populations  in  pathologic  rat  prepara¬ 
tions.  Stypulkowski  ct  al  ( 1986)  indicated  that 
for  individual  animals  the  variability  was  sufti 
d'emfy  great  that  at  best  only  a  tenuous  rcla- 
tionship  existed  between  decreased  respon¬ 
siveness  as  measured  by  the  EABR  and  SGC 
density.  We  have  suggested  that  this  variability 
may,  in  pan,  reflect  a  susceptibility  of  the 
EABR  measure  to  electrical  artifact  contamina¬ 
tion,  due  to  its  short  latency.  We  have  evalu¬ 
ated  the  utility  of  the  electrically  evoked  mid¬ 
dle  latency  resp  »isc  (EMLR)  to  assess  changes 
in  electrical  evoked  responsiveness  of  the  au¬ 
ditory,  pathways.  We  demonstrated  that  the 
measure  was  less  sensitive  to  electrical  artifact 
than  the  EABR  and  exhibited  equal  threshold 
sensitivity  and  sensitivity  to  changes  in  the 
site  of  peripheral  stimulation- (Burton  ct  al, 
19S9a.b).  Following  treatment  with  ototoxic 
drugs  the  slope  of  the  amplitude  input/output 
function  of  the  EMLR  in  guinea  pigs  decreases 
with  time  following  treatment  both  across  an¬ 
imals  and  within  individual  subjects  (Jyung  ct 


al  1989;  Hartshorn  ct  al  I989>  This  effect  is 
demonstrated  in  Figure  12-6,  which  shows,  for 
an  individual  animal,  the  change  in  amplitude 
input/output  function  of  the  EABR  during  a 
9-week  period  following  treatment  with 
cihacrynic  acid  and  kanamjein.  Figure  12-7 
demonstrates  the  correlation  coefficient  ob¬ 
served  between  the  slope  of  the  input/output 
function  of  the  EMLR  and  density  of  surviving 
SGCs  in  drug-treated  subjects  with  survival 
times  from  2  to  16  weeks  following  ototoxic 
administration.  These  findings  indicated  that 
significant  changes  fn  excitability  of  the  cen- 
t'JI  auditory'  pathways  occur  with  reduction 
of  SGCs. 

Most  recently  these  findings  have  been 
extended  to  the  study  of  evoked  metabolic  ac¬ 
tivity  in  ototoxically-dcafened  animals  using 
2-dcoxygIucosc  (2DG)  measures.  Figure  12-8 
illustrates  the  density  of  2DG  in  the  inferior 
colliculus  (IC)  of  normal  and  deafened  sub 
jeets.  These  data  demonstrate  that,  «f  weeks 
following  deafness  from  ototox#c  drug  admin- 
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figure  12-8  A  comparison  of  the  level  of  2-dcox)gJu- 
eocosc  uptake  (without  electrical  or  auditory  siimub- 
lion)  In  the  Inferior  colliculus  of  a  normal  (M/0) 
guinea  pig  and  a  guinea  pig  4  weeks  after  deafening 
from  kaJumyrin  and  cthacrynic  add  (Dl-01 


ist ration,  there  is  a  marked  reduction  in  meta* 
bob’c  activity  in  the  IC  in  comparison  to  that 
observed  in  the  normal  subject.  Significant 
changes  in  electrically  ..evoked  metabolic  re¬ 
sponsiveness  in  the  central  auditory  pathways 
were  observed  in  the  ipsilatcral  CN  complex, 
contralateral  nuclei  of  the  lateral  lemniscus, 
and  contralateral  IC  after  4  weeks  of  deafness. 
These  data  strongly  support  the  hypothesis 
that  deafness  produces  significant  physiologic 
changes  in  the  responsiveness  of  central  audi¬ 
tory  pathways  as  well  as  in  resting  and  evoked 
metabolic  activity.  Important,  then,  is  the 
question  of  whether  these  changes  arc  subject 
to  regulation  by  activation  of  afferent  fibers  via 
prosthetic  electrical  stimulation. 

Effects  of  Electrical 
Stimulation 

A  few  studies  have  addressed  the  effect  of 
electrical  stimulation  on  the  maintenance  of 
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the  ceaisl  2n&itxr  system  in  deafened  am- 
cats.  Isoxodfar  dooriol  jtiadaioa  pre* 
sored  the  ncuroczl  activity  in  the  b othysiexn 
xx&otv  nod d  of  cnibtaallr  deafened  m< 
and  linens  (roog  ROer  ct  at  1981;  f^fcc  et 
2t  1989).  Choused  ct  al  (1985)  found  dm 
chrocsc  prosthetic  srimaioion  promts,  at 
least  partially.  atrophy  in  the  guinea  pig  lower 
2tx£torv  brain  stem  resulting  from  drag-in¬ 
dexed  deafening.  The  Inter  stud)'  provides 
some  interesting  observations;  however,  from 
the  standpoint  of  experimental  design,  it  suf¬ 
fers  because  of  uncontrolled  stimulus  parame¬ 
ters  (Leu.  the  use  of  a  hearing  aid  in  a  •'normaT 
sound  environment),  the  lack  of  adctpmdy- 
defined  statistical  measures,  and  a  small  sam¬ 
ple  size  (17  experimental  and  control  groups 
from  a  pool  of  22  animals).  Recent  studies 
suggest  that  prosthetic  stimulation  may  en¬ 
hance  the  survival  of  SGCs.  Lousteau  (1987) 
examined  the  effects  of  electrical  stimulation 
on  SGC  degeneration  induced  by  ototoxicity. 
Guinea  pigs  were  implanted  with  scala  tym- 
pani  electrodes  and  then  deafened  by  injec¬ 
tion  of  kanamycin  and  eilucrynic  acid.  In 
comparison  to  implanted  and  unstimulated 
deafened  animals,  animals  receiving  electrical 
stimulation  maintained  higher  SGC  densities. 
In  chemically-deafened  kittens  and  in  geneti- 
caljy-deaf  white  cats,  electrical  stimulation 
with  a  scala  tympani  electrode  was  associated 
with  higher  SGC  survival  when  compared  to 
unimplanted,  deafened  controls  (Leake  ct  al, 
1939,  1990).  We  have  also  shown  that  in  the 
chcmicaliy-dcafcncd  guinea  pig,  stimulation 
with  a  cochlear  implant  reduces  loss  of  SGCs 
(Hartshorn  ct  al,  1989). 

Using  our  ototoxically-dcafcned  guinea 
pig  model,  we  examined  the  effects  of  unilat¬ 
eral  electrical  stimulation  at  various  levels 
over  a  9-wccfc  survival  period  following  drug 
administration.  Immediately  after  ototoxic 
drug  administration,  subjects  were  stimulated 
for  2  hours  per  day,  5  days  per  week  with 
electrical  sinusoidal  stimulation  at  1,000  Hz, 
50  percent  duty  cycle  at  intensities  of  100, 
200, 300,  and  400  pA.  EMLR  growth  functions 
were  measured  weekly  from  these  subjects 
over  9  weeks  of  survival,  and  SGC  densities 
were  evaluated.  Figure  12-9  illustrates  the  in- 
put/output  EMIR  functions  recorded  in  one 
subject  stimulated  with  100  pA.  As  opposed 
to  previous  investigations  and  findings  in  non¬ 
stimulatcd  animals  in  this  study,  a  smaller  re¬ 
duction  in  the  slope  of  the  input/output  func¬ 
tions  was  observed.  In  these  chronically  stim¬ 
ulated  animals,  significant  across-subjcct  vari¬ 
ability  in  slope  changes  was  found.  However, 
the  reduction  in  EMLR  slope  in  subjects  stim- 


figure  12-9  Amplitude  input  toutput  dcctncaUy 
crx*cd  cwJdJc  latency  response  (EMLR)  functions  re¬ 
corded  from  one  subject,  following  ototoxic  drug  ad- 
“asmtion,  *f»  received  daily  exposure  to  deemed 
sUQubtion  2t  100  pA.  2  hours  per  day.  Unlike  tmsara- 
olatcd  subjects  this  subject  s  slope  of  the  input'output 
function  dad  not  decrease  with  time  following  drug  ad- 
numstratioa. 

ulated  at  100  pA  was  statistically  less  than  that 
observed  in  control  animals,  and  although 
slope  changes  in  animals  stimulated  at  200, 
300,  and  400  pA  were  not  significantly  differ¬ 
ent  from  those  of  control  animals,  all  of  them 
demonstrated  a  tendency  toward  less  slope 
change  than  in  stimulated  animals.  Moreover, 
the  mean  slope  of  all  stimulated  animals  at  all 
intensity  levels  showed  a  statistically  signifi- 
ernt  smaller  slope  change  than  that  observed 
in  the  control,  unstimulated  subjects. 

Figure  12-10  illustrates  the  density  of 
SGCs  in  segments  of  the  guinea  pig  cochlea 
from  the  basal  V/i  turns  of  the  cochlea  in 
stimulated  versus  nonstimulatcd  ears  in  each 
group  of  subjects.  The  observed  differences  in 
SGC  density  between  stimulated  and  unstimu¬ 
lated  cars  were  statistically  significant  in  each 
of  these  groups.  Figure  12-11  illustrates  the 
survival  of  SGCs  in  the  implanted  versus  the 
unimplantcd  car  of  control,  unstimulated  sub¬ 
jects.  Clearly,  in  most  basal  regions  of  the  co¬ 
chlea,  the  presence  of  the  electrode  itself  ap¬ 
pears  to  have  reduced  SGC  degeneration.  This 
observation  is  similar  to  that  of  Lousteau 
(1983).  Figure  12*12  illustrates  the  mean  dif¬ 
ference  in  density  of  surviving  SGCs  in  the 
stimulated  ear  versus  the  nonstimulatcd  ear  of 
all  stimulated  subjects,  minus  the  difference  in 
survival  of  SGCs  in  the  implanted  versus  the 
unimplantcd  cars  of  control  animals.  This  fig¬ 
ure  indicates  that  electrical  stimulation  influ¬ 
ences  survival  of  SGCs  in  the  lower  portions 
of  the  cochlea.  We  suggest  that  the  lack  of 
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Figure  12-10  Spiral  ganglion  cell  survival  9  weeks  following  ototoxic  drug  administration  in  the  guinea  pig  from 
unstimuUtcd  ears  and  ears  receiving  electrical  stimulation  at  various  intensity  levels.  A,  -100  pA;  B,  300  pA, 


otoioxic  Injury  in  the  extreme  base  of  the  co¬ 
chlea  reflects  the  presence  of  the  electrode 
that  alone  reduced  ototoxically-induccd  SGC 
loss. 

Figure  12*13  Illustrates  that  chronic  elec¬ 
trical  stimulation  also  affects  metabolic  re¬ 
sponsiveness  of  the  central  auditory  pathways. 
Tills  figure  demonstrates  the  effects  of  5 
weeks  of  low-level  electrical  stimulation  on 
responsiveness  of  the  IC  to  electrical  stimula¬ 
tion.  Following  5  weeks  of  stimulation  via  an 
intrascalar  cochlear  implant,  the  evoked  meta¬ 


bolic  actiiity  is  higher  than  in  an  animal  that 
received  no  stimulation  during  the  5 -week  pe¬ 
riod  and  is,  in  fact,  comparable  to  (hat  ob¬ 
served  in  the  nondcafcncd  subject. 

Mechanisms  of  Pathology  and 
Electrically-Elicited  Survival 

A  variety  of  mechanisms  have  been  pro¬ 
posed  to  account  for  tit-*  effects  of  “deafferen- 
tation"  on  normal  development  (including 
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|  STIMULATED  □  NON-STIMULATED 


Figure  12-10  Continued  Q  200  jxA;  D,  100  jiA. 


programmed  cell  death)  and  activity  of 
poslsynaptic  neural  elements  (Greenough  and 
juraska,  1986,  Cowan  ct  al,  198 f;  Ding  et  al, 
1983).  Deitch  and  Rubel  (1989a,b)  have  re¬ 
ported  rapid  atrophy  of  dendrites  of  auditory 
brain  stem  cells  in  the  chick  following  d  caffe  r- 
entation.  Atrophy  was  specific  to  the  portion 
of  the  dendritic  tree  of  individual  cells  receiv¬ 
ing  the  blocked  Input  and  occurred  within  96 
hours  of  deafferentation,  The  authors  specu¬ 
lated  that  the  denervation  atrophy  might  re¬ 
flect  “(1)  disruption  of  the  physical  contact 


between  presynaptic  and  postsynapnc  ele¬ 
ments;  (2)  the  elimination  of  a  specific 
'trophic  substance'  released  from  the  presyn- 
aptic  element,  or  (3)  the  elimination  of  local 
depolarizations  of  the  poslsynaptic  membrane 
by  afferent  activity."  More  recently,  Sic  and 
Rubel  (1989)  demonstrated  in  the  gerbil  a 
rapid  reduction  in  spherical  cell  size  and  me¬ 
tabolism  in  the  CN  following  pharmacologic 
blockade  of  cochlear  nerve  with  tetrodotoxin 
The  decrease  in  spherical  cell  metabolism  was 
observed  1  hour  after  blockade,  the  reduction 
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Figure  12-11  Spiral  ganglion  cell  density  m  drag  treated  animals  In  tmstimulatcd  and  unlmplantcd  temporal  bones 
versus  contralateral  unstlmulated  implanted  temporal  bones. 
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Figure  12-12  Mean  difference  in  density  of  surviving  spiral  ganglion  cells  in  implanted  subjects  stimulated  at  vari¬ 
ous  intensity  levels,  compared  to  the  temporal  bone  of  subjects  implanted  but  unstimulated  following  drug  treat- 
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Figure  12-13  A  comparison  of  the  lc\cls  of  clectrl* 
callyooked  (by  an  intrascalar  cochlear  implant) 
2-dcoxyglucosc  uptake  in  the  inferior 'colliculus  9 
weeks  after  deafening  by  kanamydn  and  ethacrynic 
acid.  Die  lc\cl  of  uptake  Is  higher  in  the  guinea  pig 
that  reeds  cd  5  weeks  of  chronic  stimulation  via  the 
cochlear  Implant  (D9CES100)  than  in  the  guinea  pig 
that  didn't  receive  stimulation  (D9  ES100). 

in  cell  size  was  evident  17  hours  later.  The  ef¬ 
fect  was  found  to  be  reversible  in  subjects  al¬ 
lowed  to  recover  for  7  days  following  a  24-  to 
48  hour  episode  of  eighth  nerve  blockade  (Pa¬ 
ste  and  Rubcl,  1989b).  Rubcl  and  his  col¬ 
leagues  concluded  that  electrical  activity  of 
the  eighth  nerve  was  responsible  for  the  regu¬ 
lation  of  cell  size  of  central  auditory  neurons. 

In  general,  most  authors  emphasize  the 
role  of  specific  neural  activity,  at  the  synapse 
in  malnt'  ancc  of  cell  function  and  structure. 
Thus,  the  maintenance  of  a  simple  'physical 
contact"  between  presynaptic  and  postsynap- 
tic  elements* would <•  seem  inadequate  to  ac¬ 
count  for  the  majority  of  findings  in  this  field. 
Our  observations  of  a  maintenance  of  electri¬ 
cal  and  metabolic  responsiveness  of  auditory 
pathways  and  a  reduction  in  degeneration  of 
SGC  ;with  low-level  electrical  stimulation 
would  seem  to  support  the  importance  of  neu¬ 
ral  activity  following  deafness  Electrical  stim¬ 
ulation  nuy  cause  the  generation  and  propaga¬ 
tion  of  action  potentials  along  the  auditory’ 
nerve  and,  thus,  account  for  their  survival.  If 
so,  one  might  hypothesize  that  changes  in 
characteristics  of  synapses  of  afferent  fibers 
terminating  on  cells  of  the  ON,  observed  with 
deafness,  might  be  reduced  with  electrical 
stimulation.  Indeed,  we  have  examined  this 
question  and  recently  found  that  auditory 
nerve  synapses  tend  to  maintain  both  the  nor¬ 


mal  concave -appearance  of  their  active  zone 
*4nd  a  rich  vesicularizatkm  in  guinea  pigs  deaf¬ 
ened  and ’Stimulated  at  lowTeveil'on  a  daily 
basis  for  9  weeks,  as  compare#  to  deafened, 
unstiniulated >  controls,  in  which  active  zones 
are  flattened.  Figure’12-14  shows  electron  mi¬ 
crographs  of  normal-  and  abnormal-appearing 
afferent  terminals  on  the  spherical  cells  of  the 
CN,  In  Figure  12- 14 A,  normal  concave  active 
zones  are  shown  in  auditory  nerve  synapses 
Following  9  weeks  of  deafness,  all  synaptic  ter¬ 
minals  were  flattened,  as  typified  in  Figure  12- 
148/Figurc  12-14C  shows'  thc'effects  of  low- 
ievel  chronic  stimulation  in  the  deafened  sub¬ 
ject.  In  these  subjects  almost  two-thirds  of  the 
active  zones  of  auditory  nerve  terminals  re¬ 
mained  concave. 

It'  is  important  to  define  the  mechanism 
responsible  for  this  action,  both  for  our  basic 
understanding  of  system  function  and  to  in¬ 
crease  our  potential  for  modifying  the  conse¬ 
quences  of  peripheral  deafness,  which  may 
significantly  help  the  profoundly  deaf  who  re¬ 
ceive  a  cochlear  implant.  If  electrically  evoked 
activity  does  promote  survival,  deafened 
adults  and  deafened  children  should  undergo 
implantation  earlier.  Obviously,  there  are 
other  potential  contributing  factors,  such  as 
electrically-induced  changes  In  the  homeosta¬ 
sis  of  the  inner  ear.  For  example,  enhanced 
blood  flow  may  play  a  role  (Sillman  ct  al, 
1988, 1989a, b,  Miller  et  al,  In  press).  The  con¬ 
tribution  of  such  factors  may  modify  the  re¬ 
quirements  of  electrical  stimulation  that  can 
be  used  to  maintain  cell  survival  in  the  deaf¬ 
ened  patient.  Obviously,  the  need  for  discrete 
and  specifically-patterned  electrical  stimula¬ 
tion  to  maintain  auditory  nerve  survival  would 
require  an  implant  with  very  different  ap¬ 
proaches  in  terms  of  invasiveness  and  sophisti¬ 
cation  than  those  designed  to'  provide  low- 
level  general  activation  of  inner-ear  structures. 

In  the  auditory  system,  study  of  the  ef¬ 
fects  of  modification  of  normal  receptor  activ¬ 
ity  contributes  to  our  understanding  of  the 
mechanism  of  central  neural  processing  of 
sound  and  the  structural  features  of  the  CNS 
on -which  these  mechanisms  are  based.  The 
elucidation  of  the:  CNS  changes  that  follow 
modification  of  receptor  function,  including 
deafness,  is  fundamental  to  our  analysis  of 
mechanisms  underlying  development,  mainte¬ 
nance  of  normal  function  in  the  mature  sys¬ 
tem,  and  changes  that  occur  with  aging.  More¬ 
over,  these  studies  are  basic  to  our  ability  to 
relate  physiologic  and  structural  characteris¬ 
tics  to  perception,  and  to  changes  in  function 
during  the  life  span  of  the  organism. 
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Figure  12-14  Continued  C, 
Examples  of  concave  sjnapscs 
between  auditor)'  nerve  terminals 
and  spherical  cell  somas  9  weeks 
following  drug  induced  deafness 
In  subjects  receiving  daily 
electrical  stimulation. 


Modifications  Centrales 
Induites  par  la  Surdite 
leur  Reversibilite,  leur 
Prevention 

Lcs  pathologies  cochlcaires  assoctecs  au 
trauma  acoustique  ou  &  1‘ototoxicite  sont 
maintenant  blen  connues.  Les  efforts  doivent  h. 
present  se  porter  sur  les  effets  secondaires  de 
ces  pathologies  dans  les  centres  nerveux  audi- 
tifs.  Ces  effets  sontdis  les  memes  ou  varient  ils 
avec  le  type  dc  pathologic  peripherique?  Y 
a-t*il  des  effets  primaires  de  certains  traumatis- 
mes’  Les  changcments  dans  le  CNS  sont  ils  en 
partic  reversibles  et  peuvent-ils  etre  prevenus 
(par  lcs  implants  cochlcaires  par  exemple)? 

On  examine  ici  lcs  atteintes  au  niveau  du 
netf  cochleaire  et  du  tronc  cerebral  dans  dif- 
ferents  modeles  de  surdite  peripherique  chez 
l’animal.  ototoxicitc  chez  le  cobaye  et  surdite 


genetique  chez  1c  chlcn  dalmatlen.  Un  sujet 
humain  atteint  de  surdite  neuro-sensorielie  ac- 
quise  et  portcur  d’un  implant  cochleaire  est 
aussl  inclus  dans  ccue  etude. 

Dans  la  plupart  des  cas,  la  pertc  de  cel* 
lules  ganglionnalrcs  est  secondairc  et  parfaitc- 
ment  corrclee  £  cellc  des  cellules  ciliecs.  Sur 
les  cobayes  soumis  i  une  destruction  massive 
des  cellules  cilices  (induite  clumiquement  par 
des  aminoglycosides  ou  de  1’acide  ethacry- 
mque),  les  lesions  gaiiglionnaircs  sont  evi- 
dentes  apres  *1  semaines  et  progressent  rapide 
ment  pour  atteindre  90%  de  pertes  16  se¬ 
maines  apres  le  traitement  ototoxique,  Ces 
pertes  sont  attenuees  lorsque  lcs  cobayes  re¬ 
solvent  une  stimulation  electnque.  un  implant 
cochleaire  etant  mis  en  place  apres  la  destruc¬ 
tion  chimique  de  la  cochlce.  Au  niveau  des 
noyaux  cochleaires  on  note  une  diminution 
de  \olume  des  synapses  entre  le  nerf  auditif  et 
les  deutoneurones  Dans  les  noyaux  auditifs 
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du  tronc  cerebral  on  observe  une  diminution 
de  l’activite  metabolique  (evaluee  par  la  meth- 
ode  du  ^feoxyglucose);  cettc  activite  metab¬ 
olique  est  restauree,  sans  atteindre  les  valeurs 
normales,  sur  Its  animaux  poneurs  d’implants. 
Cela  est  similairc  i  ce  qui  a  du  se  passer  sur  le 
sujet  humam  implante:  la  taille  et  le  nombre 
de  neurones  dcs  noyaux  auditifs  du  tronc  c6 
r£bral  sont  mterm6diaires  cntre  lesvaleurs 
normales  et  celles  de  sujcts  sourds  non  im- 
plantes, 

Sur  le  modcle  du  chlen  dalmatien,  la  perte 
de  neurones  ganglionnaires  n’est  significative 
que  8  mois  apres  la  degenerescencc  des  cel¬ 
lules  cilices,  devaluation  des  degats  au  niveau 
du  tronc  c£r£bral  est  en  cours  sur  des  ani¬ 
maux  implantbs  ou  non.  D’autres  modifies 
sont  aussi  &  I’dtudc,  commc  cclui  ddvdoppe 
r6ccmment  par  Rubel  ct  son  equipe  (Instilla¬ 
tion  locale  de  TEX). 
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CHAPTER  13 


Central  Auditory  Temporal 
Processing:  Alterations  Produced 
by  Factors  Involving  the  Cochlea 

GEORGE  M.  GERKEN 


It  is  well  established  that  cochlear  pathology’, 
such  as  loss  of  hair  cells,  reduces  the  amount 
of  Input  to, the  central  auditory  system.  The  Is* 
sue  addressed  in  this  chapter  is  whether  co< 
chlear  factors,  such  as  pathology,  arc  also  ac¬ 
companied  by  an  alteration  In  the  way  the 
central  auditory  system  operates.  In  address¬ 
ing  this  issue,  one  aspect  of  temporal  process* 
ing  is  emphasized;  temporal  integration.  Tem¬ 
poral  integration  is  useful  as  an  Index  of  cen¬ 
tral  processing  because  the  time  scale  on 
which  it  occurs  is  much  too  long  to  be  sup¬ 
ported  by  events  at  the  peripheral  level 
(Zwislocki,  1960). 

The  first  section  below  describes  the  ba¬ 
sic  approach  that  was  used  in  assessing  acous¬ 
tic  and  electrical  temporal  Integration  func¬ 
tions.  Acoustic  stimuli  that  consisted  of  multi¬ 
ple,  brief  tone  bursts  were  particularly  impor¬ 
tant,  Not  only  do  these  stimuli  uncouple  the 
dimensions  of  duration  and  power,  but  the 
repetitious  nature  of  the  stimulus  resembles 
the  trains  of  pulses  that  should  be  used  with 
central  electrical  stimulation.  In  later  sections, 
the  effects  of  cochlear  pathology  on  temporal 
Integration  are  discussed,  as  are  the  effects  of 
sustained  acoustic  stimuli  of  moderate  inten- 
slty. 

Description  of  Temporal 
Integration 

Many  studies  have  demonstrated  that  in 
normal  hearing  human  subjects,  auditory  de¬ 
tection  threshold  is  decreased  as  the  duration 
of  the  acoustic  stimulus  is  Increased,  Hie  rela¬ 
tion  between  detection  threshold  in  decibels 


and  the  logarithm  ofatimulus  duiatlon  plots  as 
a  straight  line  on  log-log  coordinates.  Tills  is  a 
power  function  of  the  form: 

iT  -  r  «  C 

where  IT  is  the  stimulus  intensity  at  threshold, 
t  is  the  duration  of  the  stimulus,  m  is  the 
power  function  exponent,  and  C  is  a  constant. 
Data  sets  that  plot  in  this  manner  may  be 
found  in  Algom  and  Babkoff  (1984),  Penner 
(1978),  and  Florentine  ct  al  (1988).  Because 
power  functions  plot  as  straight  lines  in  log- 
log  coordinates,  these  data  sets  may  be  charac¬ 
terized  by  the  exponent,  m,  or,  equivalently, 
by  10  times  m,  which  is  the  slope  expressed 
in  decibels  per  decade  of  duration  (Gerken  et 
al,  1990).  Because  the  plots  arc  linear,  it  is 
proper  to  average  data  sets  across  subjects  to 
obtain  grand-mean  data.  It  is  convenient, 
therefore,  to  succinctly  summarize  the  experi¬ 
mental  findings  in  terms  of  the  slope  of  the 
temporal  integration  function  based  on  grand- 
mean  data.  This  slope,  in  turn,  serves  as  an  in¬ 
dex  of  the  central  integration  process. 

Multiple-burst  acoustic  stimuli  are  of  in¬ 
trinsic  interest  in  the  study  of  temporal  inte¬ 
gration  (Carlyon  et  al,  1990;  Plomp,  1961), 
and  they  provide  a  link  with  the  electrical 
stimuli  used  to  study  central  auditory  mecha¬ 
nisms.  Data  are  available  for  two  sets  of  acous¬ 
tic  multiple-burst  stimuli  that  provide  con¬ 
trasting  views  of  the  temporal  integration  pro¬ 
cess;  the  first  stimulus  set  employed  a  variable 
number  of  bursts  with  a  fixed  interburst  inter¬ 
val;  the  second,  a  fixed  number  of  bursts  with 
a  range  of  interburst  intervals  (Gerken  et  al, 
1990).  For  the  first  stimulus  set,  thresholds 
were  measured  for  1, 2,  4, 8,  and  16  brief  tone 
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NUMBER  OF  BURSTS 


DURATION  (ms)  TOTAL  DURATION  (ms) 

Figure  13-1  A.  The  grand 'mean  temporal  Integration  function  for  multiple-burst  stimuli  obtained  from  normal* 
hearing  human  subjects.' Thresholds  can  be  plotted  against  duration  (bottom  axis)  or  against  the  number  of  bursts 
(top  axis).  B,  Grand  mean  thresholds  for  multiple  burst  stimuli  with  four  equally  spaced  tone  bursts.  (Both  data  sets 
arc  from  Gcrt.cn  GM,  Bhat  VKIL  Hutchison  Clutter  M.  Auditory  temporal  Integration  and  the  power  function 
model.)  Acoust  Soc  Am  1990;  767*778. 


bursts  (3.125  kHz)  with  the  Interburst  interval 
held  at  4.l6  ms.  The  grand-mean  temporal  In* 
tegratlon  function  Is  shown  In  Figure  13-IA. 
Note  that  the  abscissa  can  be  either  duration 
(the  sunt  of  the  durations  of  the  individual 
bursts)  or  simply  the  number  of  bursts.  Tltc 
slope  that  characterizes  the  integration  func* 
lion,  -5.6,  is  the  same  whether  it  Is  expressed 
in  decibels  per  factor  of  10  bursts  or  in  deci* 
bcls  per  decade  of  duration.  Note  that  no  mat* 
ter  what  the  duration  Is  for  one  burst,  two 
bursts  will  have  exactly  twice  that  duration 
and  likewise  for  N  bursts.  Since  alt  bursts  are 
scaled  In  duration  by  the  same  factor,  the 
slope  of  the  temporal  integration  function 
docs  not  depend  on  the  duration  of  the  single 
burst.  Thus  the  slope  of  the  temporal  Integra* 
lion  function  for  multiple-burst  stimuli  is  an 
excellent  means  of  characterizing  the  central 
integrator.  Because  of  the  similarity  of  electri* 
cal  pulse  trains  and  the  multiple  acoustic 
bursts  (GcrKen,  1984),  electrical  stimuli  pro* 
vide  an  equally  good  characterization. 

Stimuli  In  the  second  set  each  contained 
four  brief  tone  bursts  with  interburst  intervals 
that  varied  from  4,1 6  ms  to  66.56  ms  (Gerken 
cl  al,  1 990).  It  can  be  seen  from  the  grand* 
mean  data  in  Figure  13-1B  that  threshold  was 
almost  independent  of  interburst  interval,  at 
least  within  the  200+  ms  total  duration  used. 
Thus,  the  results  obtained  with  multiplc*burst 
stimuli  provide  the  basis  for  treating  the  num* 
ber  of  pukes  in  the  electrical  stimulus  as  an 
index  of  duration.  It  must  be  stated,  however, 
that  equating  the  number  of  electrical  pulses 


and  pulse  train  duration  is  a  working  hypothe* 
sis  chat  will  need  additional  study  to  confirm 
or  reject  It.  All  such  relations  need  Intcrprcta* 
tlon  and  restriction*  For  example,  variation  in 
puke  duration  would  be  expected  to  affect 
threshold  in  the  same  way  as  would  the  dura¬ 
tion  of  a  multiple  burst.  Another  obvious  re* 
striction  Is  that  electrical  pulses  that  are  very 
closely  spaced  will  fall  into  the  relative  or  ab¬ 
solute  refractory  period  of  the  stimulated  ncu* 
rons  and  this  will  be  ineffective.  At  the  other 
extreme  the  linear  temporal  integration  func* 
lion  will  presumably  become  asymptotic  for 
long  pulse  trains.  With  acoustic  stimulation, 
however,  Florentine  ct  al  (1988)  did  not  find 
a  break  in  the  function  at  500  ms,  and  Penner 
(1978)  did  not  report  one  at  1,000  ms.  The 
extent  to  which  the  power  function  can  de* 
scribe  temporal  Integration  has  yet  to  be  es¬ 
tablished.  These  considerations  must  be  kept 
in  mind  when  the  electrical  stimulation  work 
is  discussed. 

Temporal  Integration  and 
Hearing  Impairment 

Decreased  temporal  integration  associ¬ 
ated  with  hearing  loss  has  been  reported  nu* 
merous  times  in  human  beings  (Florentine  et 
al,  1988;  Watson  and  Gengel,  1969;  Wright, 
1968).  Much  less  work  has  been  done  with 
animals,  with  which  the  number  of  hearing- 
impaired  subjects  is  only  slightly  larger  than 
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Figure  13-2  The  grand  mean 
acoustic  temporal  integration 
function  for  five  cats  (409, 4 10, 
412, 413, 414).  The  animals  were 
tested  in  the  normal  hearing 
condition  (squares),  and  again 
after  a  sound-induced  hearing  loss 
(circles).  The  scale  for  the 
normal  hearing  condition  is  on 
the  left,  the  scale  for  the 
hearing  impaired  condition  is  on 
the  right,  (Adapted  from  SolccM 
JM,  Gerken  GM.  Auditory 
temporal  integration  in  the 
normal  hearing  and 
hearing  impaired  cat.  J  Acoust  Soc 
Am  1990;  88.779*785  ) 


the  number  of  studies  (Clark  and  Bohne, 
1986;  fiend  arson,  1969), 

A  recent  study  using  cats  contrasted  the 
temporal  integration  functions  for  normal* 
hearing  and  hearing  Impaired  conditions  in 
the  same  animals  (SolecU  and  Gerken,  1990). 
Figure  13*2  illustrates  a  summary’  of  these 
findings.  In  both  hearing  conditions  the  stim¬ 
uli  were  6.25  kHz,  Note  that  the  scales  for  the 
two  temporal  integration  functions  are  dis* 
placed  by  25  dB,  The 'Slope  of  the  normal¬ 
hearing  function  was  ~6.6  dB  per  decade  of 
duration;  the  slope  decreased  to  -38  dB  per 
decade  In  the  same  animals  following  a  mod* 
erate  sound-induced  hearing  loss.  The  same 
stimulus  set  was  used  with  both  hearing  con* 
ditions,  and  several  of  the  stimuli  in  the  set 
were  multiple-burst  stimuli.  If,  as  suggested  by 
Zwislocki  (I960),  temporal  integration  is  a 
central  process,  then  the  question  is  raised  as 
to  why  sound-induced  cochlear  damage  can 
alter  the  temporal  integration  function.  It 
would  seem  that  the  reduced  input  from  the 
damaged  cochlea  would  still  be  integrated  in 
the  same  manner  as  before;  hence,  pre*  and 
post-exposure  slopes  should  be  equal.  Clearly, 
pre-  and  post  exposure  slopes  are  not  equal. 

Temporal  Integration 
of  Central  Electrical 
Stimulation 

It  has  been  amply  demonstrated  in  co 
clilcar  prosthesis  work  that  electrical  stimula 
tion  is  effective  in  conveying  information 
(Gray,  1985,  Schindler  and  Merzenich,  1985). 
Stimulation  of  different  regions  of  the  cochlea 
or  stimulation  at  different  rates  often  yields 
discriminably  different  sensations,  whereas  re 


Figure  13*3  The  grand  mean  clecincal  temporal  inte 
gration  function  for  four  cats  (401,  402,  403,  408) 
One  electrode  In  the  inferior  colliculus  was  tested  ex¬ 
tensively  in  each  animal.  After  completion  of  testing  in 
the  normal  hearing  condition  (squares)  a  mc*n  perma 
nent  threshold  shift  of  48  dB  was  produced  by  expo¬ 
sure  to  intense  sound.  The  animals  were  retested  m  the 
hearing  impaired  condition  (circles),  starting  1  month 
after  the  sound  exposure.  Note  that  detection  thresh 
olds  are  given  in  decibels  re  1.0  pA. 


duction  of  the  amplitude  of  the  electrical  stim¬ 
ulus  reduces  the  magnitude  of  the  sensation 
(Miller  and  Spelman,  1989;  Shannon,  1983).  In 
animals,  behavioral  responses  have  been  ob¬ 
tained  for  electrical  stimuli  applied  to  sensory 
areas  of  the  central  nervous  system  including 
the  visual  cortex  (Doty,  1965)  or  the  brain 
stem  auditory  nuclei  (Nieder  and  Neff,  1961). 

For  the  determination  of  a  temporal  inte¬ 
gration  function  based  on  electrical  stimula¬ 
tion  of  the  central  nervous  system,  the  param 
eters  of  the  stimuli  used  must  be  chosen  on 
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the  bists  of  neural  effect  hcncss,  zr<J  conse¬ 
quent!)'  will  'differ  significantly  from  the  pa¬ 
rameters  of  the  acoustic  stimuli  used  in  the 
corresponding  auditor)*  task.  Brief  (shorter 
than  1  ms)  monop hasic  cathodal  stimuli  sim¬ 
plify  interpretation  of  the  results  and  can  be 
used  without  concern  for  polarization  or  tis¬ 
sue  damage  so  long  as  presentation  rates  arc 
low  and  charge  transfer  is  smalL  A'stimulus  of 
long  duration  cannot  be  obtained  by  increas¬ 
ing  the  duration  of  a  pulse  because  a  long 
pulse  is  not  an  efficient  neural  stimulus  and 
could  cause  cell  damage.  To  increase  stimulus 
duration,  it  is  necessary  to  repeat  the  brief 
electrical  puke  to  produce  a  train  of  pulses.  A 
train  is  described,  therefore,  by  specifying  the 
duration  of  the  hasic  pulse  and  by  giving  the 
number  of  pulses  in  the  train  as  well  as  the  in- 
tcrpulse  interval  The  number  of  electrical 
pukes  in  the  train  is  taken,  as  discussed  above, 
as  an  index  of  duration. 

It  was  possible  to  study  the  process  of 
temporal  integration  by  using  direct  electrical 
stimulation  of  the  central  auditor)*  system  be¬ 
cause  absolute  thresholds  can  be  measured  for 
electrical  stimulation  in  the  same  manner  used 
-for  acoustic  stimuli  (Gerken  ct  al,  1989).  The 
grand  mean  temporal  integration  function  for 
electrical  stimulation,  based  on  data  for  four 
normal-hearing  cats,  is  shown  in  the  top  por¬ 
tion  of  Figure  13*3.  The  electrodes  were  lo¬ 
cated  in  the  central  nucleus  of  the  inferior  col¬ 
liculus.  Onc-^ electrode  in  each  animal  was 
tested  extensively  in  order  to  obtain  the  data 
shown.  The  same  animak  were  tested  after  ex¬ 
posure  to  an  intense  sound,  which  produced  a 
mean  permanent  threshold  shift  of  4 8  dB.  The 
resulting  grand  mean,  postexposure  temporal 
integration  function  is  shown  tu'ihc  bottom 
portion  of  Figure  13*3< 

In  the  no*. .^al-hearing  animak,  the  slope 
of  the  temporal  Integration  function  for  elec¬ 
trical  stimulation  of  inferior  colliculus  was 


-7.5  dB  per  factor  of  10  pukes.  This  slope 
wvtssligbth*  steeper  than  the  -6j6cJB  per  dec¬ 
ade  of  duration  obtained  for  cat  with  acoustic 
stimuli  (Soledd  and  Gerken.  1990).  In  the 
hearing-impaired  animak.  the  slope  of  the 
temporal  integration  function  obtained  from 
die  same  electrodes  decreased  to  — 1.8  dB  per 
factor  of  10  pukes.  This  was  less  steep  than 
the  —3^8  dB  per  decade  of  duration  obtained 
with  acoustic  stimuli  in  hearing-impaired  cats 
(Solccki  and  Grrkcn.  I990X  The  decrease  in 
slope  for  the  electrical  temporal  integration 
function  from  the  normal-hearing  to  hearing- 
impaired  condition  was  a  critical  finding.  In  no 
way  did  the  electrical  signal  that  was  detected 
by  the  animal  directly  involve  the  cochlea. 
The  decrease  in  slope  musvhavc  been  pro¬ 
duced  by  a  change  in  the  central  auditor)’  sys¬ 
tem,  one  that  had  its  origin  in  the  pathologic 
ccchlcas. 

The  temporal  integration  functions  in  fig¬ 
ure  13*3  were  plotted  on  a  common  ordinate 
that  encompassed  the  entire  range  of  pre-  and 
post  exposure  thresholds.  This  was  done  to 
emphasize  that  in  the  hearing-impaired  ani¬ 
mals,  the  detection  thresholds  for  electrical 
stimulation  were  decreased.  A  supersensitivity 
to  electrical  stimulation  was  a  second  major 
consequence  of  the  hearing  impairment 
(Gerken  ct  al,  1984).  As  with  the  change  in 
slope,  the  supersensitivity  <Jid  not  directly  in¬ 
voke  the  cochlea,  but  must  have  had  its  origin 
in  a  factor  related  to  the  cochlea. 

A  schematic  summary  k  given  in  figure 
13*4  of  the  effects  on  the  temporal  integration 
functions  for  acoustic  and  electrical  stimuli. 
For  acoustic  stimuli,  detection  thresholds  in¬ 
creased  following  hearing  loss,  whereas  for 
electrical  stimulation,  detection  thresholds  de¬ 
creased.  For  both  types  of  stimuli,  the  tempo¬ 
ral  integration  functions  in  the  hearing-im¬ 
paired  condition  arc  less  steep  than  in  the  nor¬ 
mal-hearing  condition. 
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Continuous  Tone 
and  Stimulation 
Supersensitivity 

Acoustic  stimulation  cm  also  produce  a 
ccntxal  supersensitivity  for  dcctrical  Stimula¬ 
tion  of  the  central  auditory  system  (Gcrken  ct 
al,  1985).  Whether  the  central  mechanism  ac¬ 
tivated  by  the  continuous  tone  is  the  S2me  as 
the  mechanism  affected  by  cochlear  pathology 
is  not  known-  The  effects,  however,  were  of 
the  same  magnitude,  figure  13-5  shows  the 
threshold  shifts  obtained  for  electrical  stimula¬ 
tion  in  quiet  conditions  versus  the  presence  of 
4-0-kHz  tones  of  80  dB  SPL.  A  negative  decibel 
value  (threshold  decrease)  indicates  supersen- 
siuvity  in  brainstem  auditoty  nuclei  in  the 
presence  of  the  continuous  tone.  Note  that  for 
one  of  the  electrodes,  the  tone  produced  sev¬ 
eral  decibels  of  masking.  For  the  other  11 
electrodes,  however,  varying  amounts  of  su- 
persensitivity  occurred. 

In  figure  13-5,  half  the  placements  were 
electrodes  in  cochlear  nucleus  and  half  were 
electrodes  in  the  inferior  colliculus.  There  was 
no  apparent  difference  in  the  amount  of 
threshold  shift  obtained.  large  and  small  shifts 
occurred  in  both  loci.  The  local  anatom)-  and 
the  neural  connections  arc  different  in  the 
two  nuclei  and,  logically,  the  consequences  of 
electrical  stimulation  should  also  differ.  It  is 
surprising,  therefore,  that  the  results  arc  so 
similar.  The  auditory  nerve  projects  to  the 
three  major  subdivisions  of  the  cochlear  nu¬ 
cleus,  which  in  turn  give  rise  to  three  distinct 
striae  (Oscn,  1970).  Presumably,  the  striae  are 
not  redundant  and  thus  carry  information  con¬ 
cerning  different  aspects  of  the  acoustic  signal. 
An  electrical  stimulus  applied  to  the  cochlear 
nucleus  could  activate  one,  two,  or  all  three 


,pzffrways.  An  electrode  positioned  in  the  infe¬ 
rior  colliculus  almost  certainly  produces  a  dif¬ 
ferent  pattern  of  neural  activation  within  the 
audit  cry  system.  The  implication  is  that  the 
dcctrical  stimulus  may  not  actually  be  de¬ 
tected  at  the  locus  of  stimulation,  but  rather  ax 
a  higher  level  in  the  system  at  which  the  sev¬ 
eral  pathways  may  again  converge.  Supersensi- 
tivitv  in  the  several  portions  of  the  subcortical 
auditor)-  system  may  reflect  a  change  in  a  ros- 
trally  located  detector  (eg,  in  cortex).  The 
obvious  next  step  is  to  measure  dcctrical  tem¬ 
poral  integration  functions  in  the  absence  and 
in  the  presence  of  continuous  tone,  but  this 
has  not  been  done  It  can  only  be  speculated, 
therefore,  that  continuous  tone  would  mimic 
hearing  loss  in  flattening  the  slope  of  the  dcc¬ 
trical  temporal  integration  function. 


Continuous  Tone  and 
Human  Auditory 
Temporal  Integration 


In  regard  to  the  decrease  in  temporal  in¬ 
tegration  that  is  associated  with  sensorineural 
hearing  loss,  the  question  has  been  raised  as  to 
whether  the  decrease  is  due  to  the  cochlear 
pathology  or  to  the  elevated  sound  pressure 
levels  that  were  needed  to  test  hearing  im¬ 
paired  subjects.  To  answer  this  question,  tem¬ 
poral  integration  has  been  measured  in  per¬ 
sons  with  conductive  loss  and  In  persons  with 
a  sensorineural  loss.  In  addition,  temporal  in¬ 
tegration  was  measured  in  normal-hearing 
subjects  in  the  presence  of  masking  noise.  The 
general  conclusion  was  that  cochlear  pathol¬ 
ogy  did  affect  temporal  integration,  whereas 
conductive  loss  or  masking  noise  did  not  (Flo¬ 
rentine  ct  al,  1988;  Gamer  and  Miller,  1947; 
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Gengd,  19/2;  Green  ct  al,  1957;  Shcdcv  and 
Bilgcr,  15X>4;  Wright,  1963;  Wright  and  Can* 
neila.  15X59;  Zwicfccr  and  Wright,  15X53). 

Given  that  conductive  loss  and  masking 
noise  do  not  alter  the  amount  of  temporal  In¬ 
tegration.  it  is  surprising  that  continuous  tone 
produces  a  different  effect.  Human  auditory 
temporal  integration  functions  were  measured 
by  Bhat  ( 1938)  in  quiet  conditions  and  in  the 
presence  of  a  continuous  tone.  Grand-mean 
data  for  eight  subjects,  for  which  the  test  sig¬ 
nal  was  2.0  kHz  and  the  continuous  tone  was 
*/>  octal  c  higher  (2L52  kHz),  are  shown  in  Fig¬ 
ure  13-6.  The  continuous  tone  acted  to  raise 
detection  threshold  (note  ^  the  difference  in 
the  left  and  right  scales  in  Fig.  1 3-6)  and  to  de¬ 
crease  the  slope  of  the  temporal  integration 
function  to  -4.9  dB  per  decade  of  duration 
from  -6.1  dB  per  decade  of  duration.  This 
pattern  of  results  is  identical  to  that  shown  in 
Figure  13-2  for  hearing-impaired  cats,  al¬ 
though  the  effects -produced  by  the  continu¬ 
ous  tone  are  less  pronounced  than  those  pro¬ 
duced  by  the  hearing  impairment  It  is  possi¬ 
ble  that  if  a  more-intense  (but  not  injurious) 
continuous  tone  had  been  employed — 80  dB 
SPL,  for  example — stronger  effects  would 
have  been  obtained. 

Variability  of  Thresholds 

There  is  variability  in  any  series  of  thresh¬ 
old  measurements.  It  seemed  tlut  variability 
across  thresholds  was  reduced  both  with  hear¬ 
ing  loss  and  in  the  presence  of  a  continuous 
tone.  In  this  section,  this  reduction  in  variabil¬ 
ity  is  evaluated. 

If  threshed  were  repeatedly  measured 
for  only  one  stimulus,  variability  across  thresh¬ 
olds  would  be  simply  expressed  as  the  stan¬ 
dard  deviation  of  the  thresholds.  The  data 


available,  however,  were  not  for  a  single  stim¬ 
ulus  but  for  a  set  of  stimuli  thatwere  repeated 
exactly  in  two  contrasting  conditions:  normal¬ 
hearing  versus  hearing-impaired,  or  quiet  con¬ 
ditions  versus  continuous  tone  (Bhat,  1988; 
Gerken  ct  al,  1990;  Solecki  and  Gcrkcn, 
1990).  In  these  data  sets,  there  were  10  or  12 
threshold  measurements  for  each  subject, 
stimulus,  and  condition.  Deviations  from  the 
means  for  subject,  stimulus,  and- condition 
were  converted  to  deviation  histograms  as  a 
display  of  threshold  variability.  The  histograms 
for  normal-hearing  and  hearing-impaired  cats 
arc  shown  in  Figure  13-7  (unpublished  data 
from  Solecki  and  Gcrkcn,  1990).  The  distribu¬ 
tion  of  thresholds  for  the  hearing-impaired  an¬ 
imals  is  significantly  narrower  at  the  0.002 
level  (F  =  1.97,  N  =  595  per  condition). 

Electrical  stimulation  thresholds  arc  also 
less  variable  in  the  hearing-impaired  animal 
The  same  procedure  used  to  obtain  the  data 
displayed  in  figure  13*7  was  used  with  the 
electrical  stimulation  thresholds  obtained 
from  inferior  colliculus  (Gcrkcn  ct  al,  1989). 
These  histograms  arc  shown  in  Figure  13-8.  It 
is  dear  without  statistical  analysis  that  the  dis¬ 
tribution  for  the  hearing-impaired  animals  is 
narrower,  finally,  the- variability  of  the  data 
sets  summarized  in  figure  13-6  was  calcu¬ 
lated.  The  variability  of  the  thresholds  ob¬ 
tained  »n  the  presence  of  the  60-dB  SPL  con¬ 
tinuous  tone  was  less  than  it  was  in  quiet  con¬ 
ditions  (F  »  1.65,  N  =  96  per  condition,  p  =■ 
0.02). 


Conclusion 

It  was  hypothesized  that  factors  involving 
the  cochlea,  apart  from  amount  of  input  per 
sc,  affect  the  manner  in  which  the  central  au- 
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DEVIATION  FROM  MEAN  THRESHOLD  (dB) 


Figure  13*7  Distribution  of  normalized 
scooMic  thresholds  for  normal-bearing 
(Ml)  and  hearing-impaired  (HI)  cats. 


dnory  mechanisms  operate.  Note  the  follow¬ 
ing: 

1.  Auditory  temporal  integration,  air'asf- 
sumed  central  process,  was  reduced  in 
the  hearing-impaired  animal 

2.  Temporal  integration  with,  electrical 
stimulation  of  inferior  colliculus  was 
reduced  in  the  hearing-impaired  ani¬ 
mal 

3.  Auditory  temporal  integration  was  re¬ 
duced  in  human  subjects  in  the  pres¬ 
ence  of  a  background  of  continuous 
tone  of  moderate  intensity 

4.  In  the  hearing-impaired  animal,  a  cen¬ 
tral  supersensitivity  to  electrical  stimu¬ 
lation  occurred 

5.  In  the  normal-hearing  animal,  continu¬ 
ous  tone  also  produced  a  central  su- 
persensitirttyfor  electrical  stimulation 


6.  Variability  in  auditory'  detection 
thresholds  was  reduced  in  hearing  im¬ 
paired  cats 

7.  Variability  in  detection  thresholds  for 
electrical  stimulation  of  the  inferior 
colliculus  was  reduced  In  hearing-im¬ 
paired  cats 

8.  Variability  was  reduced  in  auditor)'  de¬ 
tection  thresholds  in  human  subjects 
in  the  presence  of  a  continuous  tone 

9. dn  comparison  with  the  results  ob¬ 
tained  witlt  continuous  tone,  noise  was 
relatively  ineffective  in  altering  the 
state  of  the  central  auditory  system 

These  results  support  the  hypothesis  that 
factors  involving  the  cochlea  affect  the  opera¬ 
tion  of  the  central  auditory’  system.  Central  ef¬ 
fects  w'erc  obtained  whether  the  cochlea  wat 
permanently  altered,  as  In  sound-induced 
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hearing  loss,  (see  items  1,  2,  and  4  in- the 
abo\c  list),  or  xn s  simply  used  to  transmit  a 
non- information  bearing  signal  such  as  a  con¬ 
tinuous  tone  (see  items  3,  5,  and  8  in  the 
atxnelist). 

A  further  conclusion  relates  to  the  appar¬ 
ent  symmetry  of  the  effects  produced  by  hear¬ 
ing  loss  and  the  presence  of  continuous  tone. 
The  symmetry  was  seen  in  effects  on  temporal 
integration  (items  1  and  3  abo\c),  the  produc¬ 
tion  of  stimulation  supersensitivity  (items  4 
and  5  above),  and  in  the  reduction  ot  the  vari¬ 
ability  of  detection  thresholds  (items  6, 7,  and 
8  above).  The  symmetry  of  effects  for  hearing 
loss  and  continuous  tone  suggests  that  these 
two  factors  affect  the  central  auditory  system 
in  a  similar  manner,  ft  may  be  tliat  supersensi¬ 
tivity  is  associated  with  an  auditory  mecha¬ 
nism  used  for  discrimination  of  one  sound  in 
the  presence  of  another.  In  a  normal-hearing 
listener,  such  a  mechanism  would  presumably 
be  activated  in  a  limited  manner  related  to  the 
spectrum  of  the  nontarget  signal  (c.g,  in  this 
simplest  casc/lhc  frequency  of  the  continuous 
tone),  in- the  hearing-impaired  listener,  how- 
ever,  it  seems  that  the  mechanism  would  be 
more  globally  activated.  The  global  supersen- 
sitivity  would  thus  sene  as  a  means  of  par¬ 
tially  offsetting  the  peripheral  loss.  There  must 
be  a  cost  in  this  maneuver  to  increase  sensitiv¬ 
ity,  however,  or  else  the  system  would  nor¬ 
mally  be  in  the  supersensitive  state.  Possibly, 
the  centra!  auditory  system  has  increased  its 
ability  to  detect  at  the  expense  of  its  ability  to 
discriminate. 

One  aspect  of  auditory  processing  known 
to  be  affected  by  hearing  loss  is  temporal  inte¬ 
gration.  Compare,  for  example,  the  acoustic 
and  electric  temporal  integration  functions. 
With  acoustic  stimuli  (see  Figs.  13-2  and  13- 
4),  the  thresholds  for  long  stimuli  arc  appar¬ 
ently  elevated  more  than  the  thresholds  for 
short  stimuli.  With  electrical  stimuli,  however, 
the  reverse  was  observed  (sec  Figs.  13*3  and 
13-i):  the  thresholds  for  short  stimuli  de¬ 
creased  more  than  the  thresholds  for  long 
stimuli,  ft  is  in  the  electrical  stimulation  data 
that  the  basis  for  the  acoustic  result  may  be 
seen.  Specifically,  the  greater  increase  in  cen¬ 
tral  sensitivity  to  brief  electrical  stimuli  may 
result  in  (less  apparent  loss  for  the  brief  acous¬ 
tic  stimuli. 

In  summary,  although  the  traditional  role 
of  the  cochlea  is  the  transduction  of  acoustic 
input,  it  was  argued  that  the  cochlea  is  also  in¬ 
volved  in  concomitant  processes  that  influ¬ 
ence  the  state  of  the  central  auditory  sys¬ 


tem-influences  that  go  bc>ond  the  basic 
metric  of  quantity  of  input  and  perhaps  relate 
to  the  control  of  the  processing. 

Bruit,  Son  Continu  et 
Deficits  Auditifs:  Effets 
Centraux  sur  i’Analyse 
Temporelie 

La  cochlce  et  !e  systeme  auditif  central 
pcment  ctrc  affect es  par  les  mcmes  fact  curs 
ou  conditions  dont  les  effets  sur  1c  traitement 
tempore!  de  stimulus  auditifs  presentent  un 
intcrct  particuhcr.  Parmi  lesfacteurs  et  les 
conditions  qui  affectent  la  cochlee,  figurent  la 
pathologic  cochleaire  ainsi  que  ccrtaines  com- 
binaisons  de  stimulus  aeoustiques.  La  diffcren- 
ciation  en  ce  qui  conceme  la  cochlce  et  les  ef¬ 
fets  sur  le  systeme  auditif  central  est  un  prob- 
lemc  difficile  en  raison  de  la  relation  sequen- 
ticllc  entre  la  peripheric  et  le  systeme  central. 
11  est  certain  que  des  lesions  peripheriques 
reduiront  l'cmoi  d'informations  vers  le  sys- 
temc  central;  cepcndant,  si  l’hypoihesc  de 
Palteration  des  processus  de  traitement  est 
confirmee,  les  operations  centrales  doivent 
ctre  affcctecs  quaJitaiivemcnt  et  pas  seulc- 
ment  quantitativcmcnt. 

La  reduction  de  la  pente  de  la  fonction 
d’integration  temporelie,  qui  intervient  apres 
unc  perte  auditive,  est  un  excmplc  d’alteration 
dcs  processus  de  traitement  tempore!.  Des  ex¬ 
plications  en  termes  de  mccamsmes  centraux 
ou  peripheriques  pourraienP  tout  aussl  bien 
rendre  compte  de  cc  phenomena 

Des  travaux  rcccnts  ont  montre  qu’aprds 
stimulation  electriquc  au  niveau  central  la 
pente  de  la  fonction  d’lntrgration  temporelie 
etait  aussi  reduitc  de  manure  stmilaire 
(Gerken,  Solccki  et  Boettcher,  1989).  En  cas 
de  stimulation  centralc,  le  signal  qui  doit  ctrc 
d£tect6  nc  passe  pas  par  la  cochldc  et  le  trait¬ 
ement  central  est  ainsi  mesurc  ditcctcmcnt.  11 
dccoulc  de  ce  qui  precede  que  la  pathologic 
cochleaire  devrait  ainsi  induire  dcs  change- 
ments  centraux  qui  cux  produiraient  alors  la 
■reduction  de  la  pente. 

SI  certaines  combinaisons  de  stimulus  font 
aussi  partie  dcs  factcurs  et  des  conditions  qui 
affectent  la  cochide,  alors  une  alteration  dcs 
processus  centraux  de  traitement  auditif 
devrait  aussi  sc  produire  chez  dcs  sujets  avec 
dcs  cochlecs  intactcs.  Dans  une  thdsc  rcccnte, 
Bhat  ( 1988)  a  montre  que  chez  des  sujets  pos* 
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scdant  une  audition  normale,  Ics  pcntcs  dcs 
fonctions  dintcgration  auditive  tcmporcllc 
etaient  reduites  cn  presence  d'un  son  continu 
d'intensite  moderec.  Le  travail  de  Bhat  sug- 
gcre  que  ccrtaines  combinaisons  de  stimulus 
acoustiqucs  altcrcnt  le  traitement  auditif  cen¬ 
tral,  mais  cn  cux-mcmes,  ils  ne  dcmomrcnt 
pas  un  cfiangcmcnt  dcs  operations  de  traite¬ 
ment  central. 

D’autres  donnees  cn  provenance  d’etudes 
clectrophysiologiqucs  ct  comportementales 
chcz  l'animal  ayant  une  cochlee  saine,  suppor- 
tent  la  conclusion  selon  laquellc  les  processus 
centraux  sont  altcrcs  par  ccrtaines  combinai¬ 
sons  de  stimulus  acoustiqucs.  A  litre 
d’cxemple,  dcs  stimulus  acoustiqucs  brefs  in- 
duisent  des  potentiels  thaUmtques  ou  corti- 
caux  de  plus  forte  amplitude  cn  cas  de  presen¬ 
tation  avee  un  son  continu  que  sans  ce  dern¬ 
ier.  D’autres  cxemples  qui  mettent  en  relation 
dcs  resultats  clcctrophysiologiques  ct  psycho- 
physiologiques  auraient  pu  ctrc  cites. 

Le  bruit,  les  sons  continus  ct  les  deficits 
auditifs  constituent  tous- des  factcurs  ou  des 
conditions  qui  aflectent  directement  la  periph¬ 
eric.  Cependant,  il  cxlstc  des  donnees  indi¬ 
quant  que  dans  certains  cas,  une  alteration 
peut  aussi  se  produirc  au  niveau  du  fonction- 
nement  auditif  central. 


ACKNOWLEDGMENTS 

This  work  was  supported  in  part  by  NIH 
grant  ROI  NS9512. 1  am  grateful  to  Dr.  Vishwa 
K.K.  Bhat  for  the  data  analysis  used  to  con¬ 
struct  Figure  13-6,  and  to  Janet  M.Solecki  for 
the  data  analysis  used  to  construct  Figures 
13-2  and  13-7, 


References 

Algom  D,  Babkoff  II.  Auditory  temporal  Integration  at 
threshold:  Theories  and  some  implications  of  cur¬ 
rent  researdu  In:  Neff  WD,  cd,  Contributions  to 
sensory'  physiology.  New  York,  Academic  Press, 
1984,131. 

Bhat  VKH:  Human  auditory'  temporal  summation  in  the 
presence  of  Ipsilatcral  and  contralateral  continuous 
tones.  Unpublished  PhD  dissertation.  The  Univer¬ 
sity  of  Texas  at  Dallas,  Richardson,  TX,  1988. 

Catlyon  RP,  Buss  $,  Florentine  M.  Temporal  integration 
of  trains  of  tone  pulses  by  normal  and  by  cochlearly 
impaired  listeners.  J  Acoust  Soc  Am  1990;  87  260- 
268. 

Clark  WW,  Bohne  BA,  Cochlear  damage  Audiometric 
correlates?  In:  Collins  MJ,  Clattke  TJ.  Harper  LA, 
cds,  Sensorineural  hearing  loss.  Iowa  City':  Univer¬ 
sity  of  Iowa  Press,  1986,59. 

Doty  RW.  Conditioned  reflexes  elicited  by  electrical 
stimulation  o(  the  brain  in  macaques.  J  Ncurophys- 
lol  1965;  28.623610. 


Florentine  M.  Fasti  H,  Buss  S.  Temporal  integration  in 
normal  hearing,  cochlear  impairment,  and  impair¬ 
ment  simulated  by  masting.  J  Acoust  Soc  Am  1988, 
84  195-203. 

Gamer  WR,  Miller  GA.  The  masked  threshold  of  pure 
tones  as  a  function  of  duration.  J  Exp  Psychol  1947; 
37.293-303. 

Gcngcl  RW.  Auditory'  temporal  integration  at  relatively 
high  masked  threshold  levels.  J  Acoust  Soc  Am 
1972,  5U849-1851. 

Gerken  GM  A  systems  approach  to  the  relationship  be¬ 
tween  the  car  and  central  auditoiy  mechanisms.  In. 
Keidel  WD,  Finkenzeller  P,  eds.  Advances  In  audiol¬ 
ogy:  ArtiScial  auditory-  stimulation  theories.  Vol  1. 
Basel,  Karger,  1984.30. 

Gerken  GM,  Bhat  VKH,  Hutchison-Clutter  M.  Auditory 
temporal  integration  and  the  power  function 
model  J  Acoust  Soc  Am  1990;  88  767-778. 

Gerken  GM,  Saunders  SS,  Paul  RE.  Hypersen¬ 
sitivity  to  electrical  stimulation  of  auditory  nuclei 
follows  hearing  loss  in  cats.  Hear  Res  1984;  13  249- 
259. 

Gerken  GM,  Saunders  SS.  Simhadri-Sumithra  R,  Bhat 
KHV,  Behavioral  thresholds  for  electrical  stimula¬ 
tion  applied  to  auditory  brainstem  nuclei  in  cat  arc 
altered  by  injurious  and  noninjurtous  sound.  Hear 
Res  1985, 20221-231. 

Gerken  GM,  Soleckl  JM,  Boettcher  FA.  Temporal  inte¬ 
gration  functions  measured  using  electrical  stimula¬ 
tion  of  subcortical  auditory  nuclei  in  normal  hear¬ 
ing  and  hearing  impaired  cat.  Paper  presented  at 
the  Assoc  Res  Otolaryngol  12th  Midwinter  Meeting, 
St.  Petersburg,  IT- 

Gray  RF.  Cochlear  Implants.  San  Diego.  Collcgc-HiU 
Press,  1985. 

Green  DM,  Birdsall  TG,  Tanner  WP  Jr.  Signal  detection 
as  a  function  of  signal  Intensity  and  duration.  J 
Acoust  Soc  Am  1957;  29.523-531. 

Henderson  D.  Temporal  summation  of  acoustic  signals 
by  the  chinchilla.  J  Acoust  Soc  Am  1969,  46-474- 
475. 

Nieder  PC,  Neff  WD.  Auditory  information  from  sub¬ 
cortical  electrical  stimulation  in  cats.  Science  1961, 
133.1010.1011. 

Miller  JM,  Spclman  FA.  Cochlear  implants:  Models  of 
the  electrically  stimulated  ear.  New  York.  Springcr- 
Verlag,  1989. 

Osen  KK.  Course  and  termination  of  the  primary  affer- 
ents  In  the  cochlear  nuclei  of  the  cat.  An  experi 
mental  anatomical  study.  Arch  Ital  Biol  1970, 
10821-51. 

Penner  MJ,  A  power  law  transformation  resulting  In  a 
class  of  short  term  Integrators  that  produce  time-in¬ 
tensity  trades  for  noise  bursts.  J  Acoust  Soc  Am 
1978, 57.-431-436. 

Plomp  R,  Hearing  threshold  for  periodic  tone  pulses  J 
Acoust  Soc  Am  1961 -.33. 156 1*1 569. 

Schindler  RA,  Mcrzenich  >MM,  Cochlear  implants  New 
York:  Raven  Press,  1985. 

Shannon  RV.  Multichannel  electrical  stimulation  of  the 
auditory’  nerve  in  man.  I.  Basic  psychophysics.  Hear 
Res  1983, 11:157-189. 

Sheeley  EC,  Bilger  RG  Temporal  integration  as  a  func¬ 
tion  of  frequency.  J  Acoust  Soc  Am  1964,  36T850- 
1857. 

SolcckJ  JM,  Gerken  GM.  Auditory  temporal  integration 
In  the  normal  hearing  and  hearing  impaired  cat  J 
Acoust  Soc  Am  1990, 88  779-785. 


CENTRAL  AUDITORY  TEMPORAL  PROCESSING 


155 


Watson  CS,  Gcngd  RW.  Signal  duration  and  signal  fre¬ 
quency  in  relation  to  auditory  sensitivity.  J  Acoust 
Soc  Am  1969, 46-989-997. 

Wright  I  IN.  The  effect  of  sensori  neural  hearing  loss  on 
threshold-duration  functions.  J  Speech  Hear.  Res 
1968. 11-842-852. 

Wnght  HN',  Cannella  F.  Differentia!  effect  of  conductive 


hearing  loss  on  the  threshold-duration  function.  J 
Speech  Hear  Res  1969;  12^07-615. 

Zwickcr  E,  Wnght  HN.  Temporal  summation  for  tones 
In  narrow-band  noise.  )  Acoust  Soc  Am  1963, 
35-691-699. 

Zwislocki  J.  Theory  of  temporal  auditory  summation.  J 
Acoust  Soc  Am  I960;  32  1046-1060. 


CHAPTER  14 


Enhancement  of  Evoked  Response 
Amplitude  and  Single  Unit  Activity 
After  Noise  Exposure 


RICHARD  J.SALVI 
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ANN  E  CLOCK 

Noise  •induced  hearing  loss  has  traditionally 
been  viewed  as  a  peripheral  disorder  in  which 
the  pathophysiologic  changes  originating  in 
the  cochlea  are  simply  relayed  up  the  central 
nervous  system  (Salvi  ct  al,  1982a;  Siegel  and 
Kim,  1982;  Liberman  and  Kiang,  1978; 
Schmicdt  ct  al,  1980).  Although  the  altered 
pattern  of  neural  activity  flowing  out  of  the 
cochlea  into  the  central  nervous  system  may 
underlie  some  of  the  distortions  in  hearing 
that  accompany  sensorineural  hearing  loss,  a 
hill  understanding  of  the  phenomenon  must 
ultimately  take  into  account  the  anatomic  and 
neurophysiologic  changes  in  the  central  audi¬ 
tory  pathway.  A  number  of  subtle  histopathol* 
ogies  have  been  observed  in  several  regions  of 
the  central  auditory  pathway  following  acous¬ 
tic  trauma  (Lidcn  et  al,  1973;  Thcopold,  1975; 
Hall,  1976;  Morest,  1982).  However,  the  phys¬ 
iologic  consequences  of  these  anatomic 
changes  are  not  yet  fully  understood.  In  fact, 
there  are  relatively  few  reports  describing  the 
pathophysiologic- changes  that  occur  In  the 
central*  auditory  pathway  following  acoustic 
trauma  (Starr,  1965;  Salvi,  1976;  Salvi  ct  al, 
1978;  Lonsbury-Martin  and  Meiklc,  1978, 
Lonsbury-Martin  and  Martin,  1981;  Willott  and 
Lu,  1982),  Most  of  the  reported  effects  (eg, 
elevated  thresholds,  poor  neural  tuning,  and 
compression  of  spontaneous  discharge  rates, 
loss  of  suppression  and  distortion  product  re¬ 
sponses)  simply  mirror  the  effects  seen  in  the 
cochlea.  For  example,  acoustic  overstimula¬ 
tion  leads  to  loss  of  sensitivity  and  tuning  in 
the  evoked  potentials  recorded  from  the  cen¬ 
tral  auditory  pathway  (Klein  and  Mills,  1981, 
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Salvi  ct  al,  1976,  Saunders  and  Rhyne,  1970) 
However,  several  investigators  have  observed 
abnormally  large  amplitude  (enhanced) 
evoked  potentials  in  the  central  auditory  path¬ 
way  in  subjects  with  cochlear  pathologies  aris¬ 
ing  from  a  diverse  range  of  factors,  including 
acoustic  trauma  (Saunders  et  al,  1972a, b, 
Gcrkcn  et  al,  1984, 1986).  Because  of  the  pre¬ 
liminary  nature  of  this  research,  there  are  still 
many  important  but  unanswered  questions  re¬ 
lated  to  the  enhancement  phenomenon.  Spe¬ 
cifically,  does  the  magnitude  of  the  enhance¬ 
ment  phenomenon  vary  with  the  type  of  noise 
exposure  or  the  pattern  or  degree  of  hearing 
loss?  Is  the  enhancement  phenomenon  related 
to  the  pattern  of  hair  cell  loss  along  the  co¬ 
chlear  partition?  Over  what  time  frame  does 
the  enhancement  phenomenon  develop,  and 
what  physiologic  mechanisms  underlie  the  en¬ 
hancement  phenomenon?  The  purpose  of  the 
present  study  was  to  explore  some  of  these  is¬ 
sues. 

Methods 

Evoked  Potentials 

Adult  chinchillas  (400  to  800  g)  were 
prepared  for  chronic  evoked  response  record¬ 
ings  using  procedures  outlined  previously 
(Henderson  et  al,  1973;  Salvi  et  al,  1982b). 
Briefly,  the  animals  were  anesthetized  (35  mg 
per  kilogram  of  ketamine,  0.5  mg  per  kilogram 
of  accpromazine,  0.1  mg  per  kilogram  of  xyla- 
zine)  and  monauralized  by  surgical  destruc¬ 
tion  of  the  left  cochlea,  and  chronic  recording 
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electrodes  were  implanted  into  one  or  more 
recording  locations:  round  window,  cochlear 
nucleus  (CN),  inferior  colliculus  The  animals 
were  then  allowed  to  recover  for  approxi¬ 
mately  2  weeks.  The  awake  animal  was  placed 
in  a  yoke-like  restraint  that  fixed  the  head  po¬ 
sition  within  the  calibrated  sound  field.  Each 
evoked  response  waveform  was  based  on  the 
average  of  100  to  250  sweeps  to  a  probe  tone 
(20  ms  duration,  5  ms  rise/fall  time)  presented 
at  a  rate  of  10  per  second. 

Histology 

Each  animal  was  anesthetized  with  so¬ 
dium  pentobarbital  and  decapitated.  The  bulla 
was  quickly  removed,  perfused  with  cold  glu- 
taraldehydc  (2.5  percent),  postfixed  in  1  per¬ 
cent  osmium  tetroxide,  and  dehydrated  to  70 
percent  ETOll.  The  organ  of  Corti  was  dis¬ 
sected  out,  mounted  in  glycerin  as  a  flat  sur¬ 
face  preparation,  and  viewed  at  X400  using  a 
differential  interference  contrast  microscope. 
Hair  cell  counts  were  made  over  0.24-mm  in¬ 
tervals  and  plotted  in  the  form  of  a  cochleo- 
gram  (Salvl  et  al,  1983a, b). 

Single  Unit  Recording 

Each  animal  was  anesthetized  (ketamine, 
35  mg  per  kilogram;  xylazinc,  1  mg  per  kilo¬ 
gram),  trachcotomizcd,  and  prepared  for  sin¬ 
gle  unit  recording  from  the  CN  as  described 
previously  (Salvl  et  al,  1978)  Recordings 
were  made  using  glass  microelcctrodes  (3  M 
NaCl  and  fast  green,  5  to  14  Mft). 

Results 

■Enhancement  and  Permanent 
Threshold  Shift  (PTS) 

Evoked  response  amplitude-level  func¬ 
tions  were  obtained  from  the  inferior  collicu¬ 
lus  of  10  chinchillas  before  and  30  to  40  days 
after  exposure  to  a  2-kIlz  pure  tone  (105  dB 
SPL  re  20  pPa;  5  days).  This  exposure  consis¬ 
tently  produced  20  to  30  dB  of  PTS  between  2 
and  8  kHz,  as  illustrated  by  the  data  for  one 
animal  shown  in  Figure  14-1,  The  cochleo- 
gram  for  this  animal  showed  a  40  to  50  per¬ 
cent  loss  of  outer  hair  cells  in  the  2-  to  3-kHz 
region  of  the  cochlea,  roughly  a  10  percent 
loss  in  the  4-  to  10  kHz  region,  and  a  30-  to  40 
percent  loss  In  the  06  kHz  region.  In  this  case, 
there  was  only  a  wcak-to-moderatc  correlation 


between  the  region  of  hearing  loss  and  the 
pattern  of  hair  cell  loss. 

Figure  14-2, shows  the  evoked  response 
amplitude-level  fimetions  obtained  at  0.5  and 
4  kHz  for  the  animal  shown  in  Figure  14-1.  Af¬ 
ter  the  exposure,  higher  sound  levels  were  re¬ 
quired  to  elicit  the  evoked  response  at  4  kHz 
because  of  the  hearing  loss,  however,  once 
threshold  was  exceeded,  the  amplitude  in¬ 
creased  rapidly  and  saturated  at  a  maximum 
amplitude  that  was  close  to  the  maximum  pre- 
exposure  amplitude.  At  intermediate  sound 
levels,  the  amplitude  exceeded  the  pre-expo¬ 
sure  values  By  contrast,  there  was  no  PTS  at 
0  5  kHz.  However,  the  postexposurc  ampli¬ 
tude-level  function  increased  rapidly  and  satu¬ 
rated  at  a  level  that  was  almost  three  times 
greater  than  the  maximum  pre-exposure  am¬ 
plitude.  Despite  the  change  in  amplitude, 
there  was  little  or  no  change  in  the  morphol¬ 
ogy  of  the  evoked  response  waveform  (Fig. 
14-2,  bottom).  '  * 

All  10  chinchillas  exposed  to  the  2-kHz 
tone  developed  a  hearing  loss  between  2  and 
8  kHz,  and  eight  of  the  animals  had  postexpo¬ 
surc  amplitude-level  functions  that  were 
larger  than  their  pre-exposure  amplitude-level 
functions  at  one  or  more  frequencies.  In  most 
cases,  abnormally  large  amplitude  responses 
were  seen  at  test  frequencies  at  or  below  the 
low-frequency  edge  of  the  hearing  loss.  To 
provide  a  comprehensive  view  of  the  change 
in  maximum  amplitude,  the  postexposurc  am¬ 
plitude-level  function  was  normalized  by  di¬ 
viding  each  of  the  postexposurc  amplitudes  by 
the  maximum  pre-exposure  amplitude  at  a 
particular  frequency,  Tlius,  a  normalized  am- 
plitude  of  1.5  would  mean  that  the  postexpo¬ 
surc  amplitude  was  50  percent  larger  than  the 
largest  pre-exposure  value.  Figure  14-3  shows 
the  10  normalized  amplitude-level  functions  at 
tile  four  test  frequencies.  After  the  exposure, 
the  maximum  amplitude  of  the  evoked  re¬ 
sponse  was  typically  depressed  (maximum 
normalized  amplitude  less  than  1)  at  4  and  8 
kHz.  Only  two  cases  of  enhancement  were 
seen  at  4  and  8  kHz  out  of  20  cases,  By  con¬ 
trast,  the  maximum  amplitude  of  the  evoked 
response  was  typically  much  larger  than  nor¬ 
mal  at  0.5  kHz  and  2  kHz,  For  example,  at  0.5 
kHz,  the  maximum  amplitude  was  enhanced 
by  20  percent  or  more  in  8  of  10  subjects.  To 
put  the  amplitude  changes  into  perspective, 
the  average  PTS  and  average  cochleogram  for 
the  10  animals  arc  shown  in  Figure  14-4.  The 
results  indicate  that  the  enhancement  phe¬ 
nomenon  is  associated  with  the  low-frequency 
edge  of  the  hearing  loss.  Although  the  average 
hair  cell  loss  was  greatest  in  the  2-  to  8-kHz 
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Figure  14*1  Chinchilla  #1861.  A,  Per¬ 
manent  threshold  shift  as  a  (unction  of 
frequency.  B,  Percentage  of  inner  and 
combined  outer  hair  cell  loss  as  a  (unc¬ 
tion  of  percentage  total  distance  from  the 
apex  and  as  a  function  of  frequency.  (El* 
dredge  et  al,  1981.) 


%  TOTAL  DISTANCE  FROM  APEX 


region,  the  lesions  were  relatively  small  and 
showed  only  a  weak-to-moderate  correlation 
with,  the  hearing  loss  and  the  enhancement 
phenomenon. 

Temporary  Threshold  Shift 
(TTS) 

Docs  the  enhancement  phenomenon  only 
occur  with  PTS  or  can  It  occur  during  TTS?  To 
address  this  issue,  we  exposed  10  chinchillas 
for  5  to  8  days  to  a  2-kUz  tone  of  85  dB  SPI. 
This  exposure  produced  virtually  no  PTS. 
Testing  was  carried  out  by  removing  the  ani¬ 
mals  from  the  exposure  for  approximately  1 
hour  each  day.  During  the  exposure,  the  aver¬ 
age  TTS  ranged  from  25  to  35  dB  between  2 
and  8  kHz,  ijttie  or  no  TTS  was  observed  at 
higher  or  lower  frequencies.  Figure  id-5 
shows  die  normalized  amplitude-level  func¬ 
tions  measured  at  0.5, 2, 4,  and  8  kHz.  During 
TTS,  the  maximum  evoked  response  ampli¬ 


tude  was  generally  depressed  (normalized  am¬ 
plitudes  less  than  1)  at  4  and  8  kHz.  By  con¬ 
trast,  the  maximum  evoked  response  ampli¬ 
tude  was  typically  larger  than  normal  at  0.5 
and  2  kHz.  These  results  suggest  that  the  en¬ 
hancement  phenomenon  can  occur  with 
sound  exposures  that  produce  virtually  no 
PTS. 

Origins  of  the  Enhancement 
Phenomenon 

One  important  issue  related  to  the  en¬ 
hancement  phenomenon  concerns  its  physio¬ 
logic  origins.  To  address  this  issue,  we  im¬ 
planted  chronic  elecirodes  stercotaxically  in 
the  cochlear  nucleus  and  Inferior  colliculus 
and  on  the  round  window.  Afterwards,  the  an¬ 
imals  were  exposed  for  2  hours  to  a  2  8  kHz 
tone  at  105  dB  SPL  Figure  14-6  shows  the 
l-kliz  amplitude-level  functions  from  three 
different  recording  iocaiions  in  the  same  ani- 
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#1861  4000  Hz 


Figure  14-2  Chinchilla  #1861.  Inferior  collicu- 
Ins,  evoked  response  amplitude  (trough  to  peak) 
as  a  function  of  sound  “pressure  level  for  tone 
hursts  presented  at  4  Mia  (middle)  and  0.5  kHz. 
Evoked  response  waveforms  obtained  before  and 
after  exposure  at  0.5  kHz,  Negative  polarity  Is 
downward.  Vertical  bar  Indicates  trough  to  peak 
amplitude.  C,  The  waveforms  ate  not  plotted  to 
the  same  scale. 


240 

200 


-i 

§1201 

ce 

y  so 

2 

40 

0 


TH-T- 

m 

jgi 

-+ 

§ 

m 

j| 

RF 

J. 

— - 

-r-z-.t 

-1-..I.I. 

0  20  40  60  80  100 

dB  SP1 


85 


fOSI 


mal.  The  amplitude-level  function  for  the  com¬ 
pound  action  potential  (CAP)  showed  a  loss  in 
sensitivity  and  a  significant  reduction  In  ampli¬ 
tude  24  hours  after  die  exposure.  After  a  re¬ 
covery  period  of  30  days,  the  amplitude-level 
function  was  almost  identical  to  the  pre-expo- 
sure  data.  The  amplitude-level  function  from 
the  cochlear  nucleus  also  showed  a  loss  in 
sensitivity  and  a  significant  drop  in  amplitude 
24  hours  after  the  exposure  The  amplitude- 
level  functions  showed  a  substantial  amount  of 


recovery  by  30  days  after  exposure,  but  die 
amplitudes  were  stillsignificantly  depressed  at 
high  sound  levels.  The  amplitude-level  func¬ 
tion  from  the  inferior  colliculus  also  showed  a 
loss  In  sensitivity  at  24  hours  after  exposure. 
However,  the  amplitude-level  functions  mea¬ 
sured  24  hours  and  30  days  after  exposure  in¬ 
creased  steeply  once  threshold  was  exceeded 
and  reached  maximum  amplitudes  that  were 
substantially  larger  than  those  seen  before  ex¬ 
posure,  It  should  be  noted  that  these  abnor- 
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ure  14*3  Normalized  amplitude  level  functions  from  the  Inferior  colliculus  of  10  chinchillas.  Permanent  thresh- 
slu/t  (PTS)  was  Induced  by  a  2  kHz  pure  tone  Each  post  exposure  amplitude  lc\el  function  was  normalized  to 
maximum  pre-exposure  amplitude  obtained  from  the  same  animal  at  that  particular  frequency.  Normalized  val 
greater  than  1 0  indicate  that  the  postexposure  value  exceeded  the  maximum  pre  exposure  amplitude. 
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Figure  144  A,  Mean  (n  “  10)  hearing  loss  as  a  function  of  frequency.  B,  Mean  (n  =  10,)  inner  and  combined  outer 
hair  cell  loss  as  a  function  of  percentage  distance  from  the  apex  and  as  a  /unction  of  frequency.  Average  values 
computed  over  1  percent  intervals. 
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Figure  14*5  Normalized  amplitude  level  functions  from  the  Inferior  colliculus  of  10  chinchillas.  Asymptotic  thresh¬ 
old  shift  (ATS)  was  Induced  with  a  2  KHz  tone.  Each  postexposure  amplitude-level  function  was  normalized  to  the 
maximum  pre  exposure  amplitude  obtained  from  the  same  animal  at  that  particular  frequency.  Normalized  values 
greater  than  1.0  Indicate  that  the  postexposure  value  exceeded  the  maximum  pre  exposure  amplitude. 
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Figure  14-6  Chinchilla  #2751  Evoked  response  amplitude  level  functions  obtained  at  A,  I  kHz  from  electrodes  on 
the  round  window,  B,  m  the  cochlear  nucleus  and  C;  In  the  inferior  colliculus  Amplitude  level  functions  measured 
before  exposure,  and  24  hours  and  30  days  after  exposure. 
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mally  large  amplitude  responses  were  seen  in 
the  Inferior  colliculus  even  though  there  was 
little  or  no  threshold  shift  at  the  test  fre¬ 
quency.  In  the  acoustically  traumatized  ani¬ 
mals  examined  to  date,  we  have  seen  little  or 
no  evidence  of  abnormally  large  evoked  re¬ 
sponses  from  the  auditory  nerve  or  cochlear 
nucleus.  By  contrast,  abnormally  large  evoked 
responses  have  frequently  been  seen  in  the  in¬ 
ferior  colliculus. 

Enhancement, Onset 

How  long -does  it  take  for  the  enhance¬ 
ment  phenomenon  to  develop  after  acoustic 
trauma?  To  examine  this  Issue,  we  obtained 
amplitude-level  functions  (three  to  five  mea¬ 
surements)  from  each  animal  prior  to  expo¬ 
sure.  The  animals  were  then  exposed  for  2 
hours  to  a  2.8  kHz  tone  presented  at  105  dB 
SPL.  Amplitude-level  functions  were  then  re¬ 
measured  at  various  times  following  the  expo¬ 
sure.  The  exposure  resulted  in  a  significant 
amount  of  TTS  (60  to  75  dB)  at  the  mid-fre¬ 
quencies,.  Figure  H*7  shows  the  amplitude- 
level  functions  obtained  at  1  kHz  between  1 
and  8  hours  following  exposure.  The  ampli¬ 
tude-level  Junction  measured  1  hour  after  ex¬ 
posure  was  shifted  to  the  right  because  of  a 
loss  in  sensitivity  of  approximately  15  to  20 
dB,  and  the  maximum  amplitude  was  reduced 
somewhat.  By  contrast,  the  slope  of  the  ampli¬ 
tude-level  function  measured  8  hours  after  ex¬ 
posure  was  steeper  than  normal,  the  maxi¬ 
mum  amplitude  of  the  response  was  consis¬ 
tently  larger  than  the  pre-exposure  values  at 
high  sound  levels.  These  results  indicate  that 


Figure ‘14-7  Chinchilla  #3119.  Amplitude  level  func¬ 
tions  obtained  at  I  Uflz  from  an  electrode  m  the  infe¬ 
rior  colliculus.  Amplitude-level  functions  measured  be¬ 
fore  exposure,  and  1  and  8  hours  after  exposure. 


the  enhancement  phenomenon  can  develop 
relatively  quickly,  1  e.,  in  8  hours  or  less. 


Exposure  Parameters 

Little  is  currently  known  about  the  param¬ 
eters  of  the  traumatizing  stimulus  and  the  pat¬ 
terns  of  hearing  loss  that  arc  likely  to  give  rise 
to  abnormally  large  amplitude  responses  in 
the  inferior  colliculus.  However,  one  relation¬ 
ship  that  frequently  occurred  with  our  2-kIlz 
and  2  8  kHz  tone  exposures  is  illustrated  in 
Figure  l-f-8.  Abnormally  lz.ge  amplitude 
evoked  responses  from  the  inferior  colliculus 
were  generally  seen  at  frequencies  below  or 
on  the.  low-frequency  edge  of  the  hearing  loss 
(i.e.,  at  or  below  the  frequency  of  the  expo¬ 
sure),  whereas  response  amplitudes  were  gen 
erally  depressed  at  frequencies  above  the  ex¬ 
posure  (i  c.,  in  the  region  of  greatest  hearing 
loss).  In  addition  to  these  results,  data  are 
available  from  a  few  animals  exposed  to  a 
95 -dB  SPL,  octave  band  of  noise  centered  at 
0.5  kHz.  The  noise  was  presented  for  3  hours 
out  of  every  12  hours  (25  percent  duty  cy  cle) 
for  15  days.  The  amplitude-level  functions  and 
the  thresholds  were  measured  each  day  imme¬ 
diately  after  the  animals  were  removed  from 
the  noise.  Interrupted  exposures  of  this  type 
arc  rather  unusual  because  the  amount  of 
threshold  shift  observed  near  the  frequency  of 
the  exposure  actually  decreases  over  the 
course  of  the  exposure.  Consequently,  the 
configuration  of  the  hearing  loss  changes  over 
the  duration  of  the  exposure  as  shown  in  Fig¬ 
ure  14  9.  For  example,  at  4  kHz,  the  threshold 
shift  increased  from  22  to  32  dB  between  the 


ENHOSGENDCr  OF  EVOKED  KISPOXSE  AMJlITtDE  AND  SISCIE  l2*fT ACTIVITY 


163 


figure  14-8  ChiodtHi  11 9.  Persaceat 
threshold  sh^  2nd  cch23ccsx=I  as  a  fcrx-  S’ 
tka  of  frequency  foCxmi sg  expjxrc  io  a  2- 
Z&iHi'tooe  at  105  dB  SPL  for  2  been.  » 
Pcrccnrrgc  of  cahmccgscst  is  the  mio  cf  £ 
the  nuxssna-pcstexpoKife  aay&adc  to 
the  micxin  pre-aposarc  asyLsod.  a* 
the  s*nc  fccqacncy  Ss  'be  sene  aacal 


500  Jk  2c  4k  0c  ISc 
Frequency  (H2) 


first  and  fifteenth  days  of  exposure;  during  th* 
period,  there  w».a  corresponding  decrease  in 
the  amplitude  of  the  evoked  response,  by  con¬ 
trast,  the  amount  of  threshold  shift  at  1  kHz 
decreased  from  35  to  25'dB  between  the  first 
and  fifteenth  days  of  the  exposure,  and  during 
this  period  there  was  a  corresponding  in¬ 
crease  I  j  the  amplitude  of  the  response  and  a 
slight  enhancement  (9  percent)  in  the  maxi¬ 
mum  amplitude  at  1  kHz  (and  at  0.5  kHz).  Al¬ 
though  the  enhancement  effect  was  relatively 
small  in  this  ease,  perhaps  due  to  the  residual 
hearing  loss,  it  was  located  on  the  low-fre¬ 
quency  edge  of  the  hearing  loss. 

Single  Unit  Data 

One  mechanism  that  could  contribute  to 
the  abnormally  large  amplitude  evoked  poten¬ 
tials  is  the  selective  loss  of  the  inhibitor}'. side¬ 
bands  that  surround  the  excitatory  response 
area  of  many  units  in  the  central  auditor}' 
pathway  (Evans  and  Nelson,  1973;  Young  and 
Brownell,  1976,  Ryan  and  Miller,  1978).  One 
method  for  selectively  eliminating  the  inhibi¬ 
tor}'  Input  to  a  cell  would  be  to  present  the 
traumatizing  stimulus  in  the  inhibitor}'  region 
/ocatcd  on  the  high  frequency  side  of  die  exci¬ 
tatory  response  area.  The  reduction  or  loss  of 
inhibitor*'  inputs  on  the  high-frequency  edge 
of  the  response  area  could  Ic  d  to  an  expan¬ 
sion  oi  the  excitatory  response  area  towards 
the  high  frequencies,  or  to  higher-than-normal 
firing  rates  to  tones  presented  in  the  excita¬ 
tory  response  area,  or  to  both. 

Preliminary  data  related  to  this  hypothesis 
ha\c  been  obtained  from  a  sample  of  units  in 


the  amerovcmral  cochlear  nucleus  (AYCN’X 
The  response  areas  of  units  in  ibt  A\'£X  may 
be  excitatory,  or-v  excitatory  with-lal^tory 
siccbands  (Young.  1984).  The  excitatory  re¬ 
sponse  area  was  established  for  each  unit.  Ihs 
charge  mtc-levd  functions  and  post-stimu£«5 
time  (PST)  histograms  "were  then  collected  in 
response  to  frequencies  located  bdow,  above, 
and  at  the  characteristic  frequency  (CF)L  Mea- 
suremenis.werc  obtained  from  each  unit  be¬ 
fore  and  after  exposure  to  a  high-level  tone 
presented  a  halfooavc  abo\e  CF.  Figure 
14-10A  shows  the  PST  histograms  collected  at 
CF  from  a  primary-like  notch  unit  with  a  CF  erf 
8.992  Hz  and  a  threshold  of  10  dB  SPL  Prior 
to  presenting  the  traumatizing  stimulus,  the 
PST  histogram  (Fig.  14-10B)  to  a  50-dB  SPL 
tone  presented  a  half-octave  (12,717  Hz) 
above  CF  showed  almost  complete  suppres¬ 
sion  of  spontaneous  activity  followed  by  a 
slight  rebound  in  the  firing  rate  at  the  end  of 
the  tone  burst  Figure  14-10C  and  D  show  the 
PST  histograms  after  presentation  of  a  105-dB 
SPL  traumatizing  cone  of  12,717  Hz  for  5  min¬ 
utes.  The  shape  of  the  PST  histogram  obtained 
at  CF  was  unaffected  by  the  exposure.  In  con¬ 
trast,  the  PST  histogram  obtained  a  half-octave 
above  CF  (.12,717  Hz)  showed  a  loss  of  single- 
tone  suppression  of  spontaneous  activity  after 
the  exposure.  The  exposure  also  produced 
significant  changes  in  the  rate  level  functions 
(Fig.  14-11).  After  the  exposure,  the  firing  rate 
at  CF  was  essentially  unchanged  at  low  sound 
levels;  however,  the  maximum  firing  rate  ob¬ 
served  at  high  sound  levels  showed  a  signifi¬ 
cant  increase  (enhancement).  This  was  re¬ 
flected  as  an  increase  in  the  peak  of  the  PST 
histogram  near  the  onset  of  the  stimulus,  and 
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first  and  fifteenth  days  of  exposure;  during  this 
period,  there  was.  a  corresponding  decrease  in 
the  amplitude  of  the  evoked  response,  bv  con¬ 
trast,  the  amount  of  threshold  shift  at  1  kHz 
decreased  from  35  to  25  dB  between  the  first 
and  fifteenth  days  of  the  exposure,  and  during 
this  period  there  was  a  corresponding  in¬ 
crease  la  the  amplitude  of  the  response  and  a 
slight  enhancement  (9  percent)  in  the  maxi¬ 
mum  amplitude  at  1  kHz  (and  at  0.5  kHz).  Al¬ 
though  the  enhancement  effect  was  relatively 
small  in  this  case,  perhaps  due  to  the  residua! 
hearing  loss,  it  was  located  on  the  low-fre¬ 
quency  edge  of  the  hearing  loss. 

Single  Unit  Data 

One  mechanism  that  could  contribute  to 
the  abnormally  large  amplitude  evoked  poten¬ 
tials  is  the  selective  loss  of  the  inhibitory  side¬ 
bands  that  surround  the  excitatory  response 
area  of  many  units  in  the  central  auditor}' 
pathway  (Evans  and  Nelson,  1973;  Young  and 
Brownell,  1976;  Ryan  and  Miller,  1978).  One 
method  for  selectively  eliminating  the  inhibi¬ 
tory  input  to  a  cell  would  be  to  present  the 
traumatizing  stimulus  in  the  inhibitor}’  region 
located  on  the  high-frequency  side  of  die  exci¬ 
tatory  response  area.  The  reduction  or  loss  of 
Inhibitor*'  inputs  on  the  high-frequency  edge 
of  the  response  area  could  le.  d  to  an  expan¬ 
sion  01  the  excitatory  response  area  towards 
the  high  frequencies,  or  to  higher- than- normal 
fifing  rates  to  tones  presented  in  the  excita¬ 
tory  response  area,  or  to  both. 

Preliminary  data  related  to  this  hypothesis 
have  been  obtained  from  a  sample  of  units  in 


the  anrerovcntral  cochlear  nucleus  (AYCNf 
The  response  areas  of  units  in  the.  AV£N  may 
be  excitatory,  or  excitatory  with  -Ifliab-xory 
sicebaods  (Young.  1984>  The  excitatory  re¬ 
sponse  area  was  established  for  each  unit.  Dr$. 
charge  rric-lc\cl  functions  and  post-sumi&s 
time  (PST)  histograms  were  then  collected  in 
response  to  frequencies  located  bdow,  above, 
and  at  the  characteristic  frequency  (CF).  . Mea¬ 
surements,  were  obtained  from  each  unit  be¬ 
fore  and  after  exposure  to  a  high-level  tone 
presented  a  h2lfoctavc  2bo\c  CF.  Figure 
14-10A  shows  the  PST  histograms  collected  at 
CF  from  a  primary-like  notch  unit  with  a  CF  of 
8.992  Hz  and  a  threshold  of  10  dB  SPL  Prior 
to  presenting  the  traumatizing  stimulus,  the 
PST  histogram  (Fig.  1-f-IOB)  to  a  50<JB  SPL 
tone  presented  a  half-octatc  (12,717  Hz) 
above  CF  showed  almost  complete  suppres¬ 
sion  of  spontaneous  activity  followed  by  a 
slight  rebound  in  the  firing  rate  at  the  end  of 
the  tone  bursL  Figure  14-10C  and  D  show  the 
PST  histograms  after  presentation  of  a  105-dB 
SPL  traumatizing  cone  of  12,717  Hz  for  5  min¬ 
utes.  The  shape  of  the  PST  histogram  obtained 
at  CF  was  unaffected  by  the  exposure  In  con¬ 
trast,  the  PST  histogram  obtained  a  half-octave 
above  CF  (12,717  Hz)  showed  a  loss  of  single- 
tone  suppression  of  spontaneous  activity  after 
the  exposure  The  exposure  also  produced 
significant  changes  in  the  rate  level  functions 
(Fig.  14-1 1 ).  After  the  exposure  the  firing  rate 
at  CF  was  essentially  unchanged  at  low  sound 
levels;  however,  the  maximum  firing  rate  ob¬ 
served  at  high  sound  levels  showed  a  signifi¬ 
cant  increase  (enhancement).  This  was  re¬ 
flected  as  an  increase  in  the  peak  of  the  PST 
histogram  near  the  onset  of  the  stimulus,  and 
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Figure  14*10  Pott- stimulus  tunc  histograms  from  a  primary  like  notch  uruL  Measurements  obtained  with  3<Vms 
tone  bursy  presented  at  characteristic  frequency  (CF)  and  a  half-octave  ai.mc  Cc.  Measurements  were  obtained 
before  (top  two  paneb)  and  after  (bottom  two  panels)  a  5  minute  exposure  to  a  105-dB  SPL  tone  located  a  half 
octal  c  above  CF. 


an  overall  increase  in  the  number  of  spikes  re¬ 
corded  over  the  duration  of  the  stimulus  (Fig. 
1-f-lOA  versus  14-1 OC).  Examination  of  the 
rate-level  function  obtained  a  half-octave 
above  CF  indicates  that  the  traumatizing  expo¬ 
sure  virtually  abolished  any  single-tone  sup¬ 
pression  above  CF. 


Figure  14-12  shows  the  results  from  a 
Chopper  unit  (CF  6,221  Hz,  threshold  22  dB 
SPL)  with  inhibitory  sidebands  above  and  be¬ 
low  CF.  The  traumatizing  stimulus  was  a 
105-dB  SPL  tone  presented  for  5  minutes  at  a 
frequency  a  half-octave  above  CF.  Before  the 
exposure,  the  rate-level  function  measured  a 
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Figure  H-U  Discharge  rate  level  functions  from  the  primary-lilc  notch  unit  shown  in  Figure  14*10.  Measure¬ 
ments  were  obtained  before  (filled  symbols)  and  after  (open  symbols)  a  5  minute  exposure  to  a  105-dB  SPL  tone 
located  a  lul/octaie  aboic  CF.  A,  Note  the  Increase  In  the  number  of  spiles  to  the  tone  at  characteristic  frequency 
(CF)  after  the  exposure.  B,  Note  the  loss  of  suppression  to  the  tone  presented  a  haltoctatc  above  CF  after  the 
exposure 

half-octave  above  CF  (8,799  Hz)  decreased  as  suited  In  roughly  a  20  percent  increase  in  the 

stimulus  level  increased.  However,  after  the  maximum  firing  rate  at  CF.  To  summarize, 

exposure,  the  firing  rate  initially  increased  and  AVCN  units  with  inhibitory'  sidebands  often 

remained  well  above  the  pre-exposure  firing  liad  elevated  discharge  rates  at  CF  after  pre- 

rate  until  the  stimulus  Ie\cl  exceeded  63  dB  sentation  of  a  traumatizing  tone  a  half  octave 

SPL  The  traumatizing  stimulus  also  had  no  ef-  above  CF.  However,  units  that  lacked  inhibi- 

fcct  on  the  threshold  at  CF.  Nevertheless,  it  re-  rory  sidebands  showed  little  or  no  change  in 
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Figure  14-12  Discharge  rate-level  functions  from  a  Chopper  with  inhibitor)’  sidebands  located  above  and  at  char 
acteristic  frequency  (CF).  Measurements  were  obtained  before  (filled  symbol)  and  after  (open  symbols)  a 
5-minutc  exposure  to  a  105-dB  SPL  tone  located  a  halfoctascabmc  CF. 


their  maximum  firing  rates  after  presentation 
of  a  traumatizing  tone  a  half-octave  above  CF. 

Discussion 

High  level  sound  exposures  that  give  rise 
to.TTS  and  PTS  produced  consistent  changes 


in  the  evoked  response  amplitude-level  func¬ 
tions  from  the  inferior  colliculus.  In  the  region 
of  maximum  hearing  loss,  thc.ampHtudc- level 
functions  often  increased  rapidly,  but  the  max¬ 
imum  response  amplitude  was  generally  re¬ 
duced.  This  amplitude  reduction  is  consistent 
with  previous  results  from  the  auditory  nerve 
as  well  as  the  AP  data  in  Figure  14-6  (Eldrcdgc 
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ct  il,  1973;  Sain  ct  2I,  198 3a£)-  The  increase 
in  the  slope  of  the  amplitude-level  functions 
from  the  inferior  colliculus  may  be  due  to  the 
kiss  of  cochlear  tuning,  which  could  result  in 
a  rapid  increase  in  the  number  of  active  fibers 
with  increasing  level  (Evans;  1976;  Salvi  cfal, 
1983ajb).  However,  this  explanation  is  not  en¬ 
tirely  satisfactory  given  that  the  slope  of  the 
AP  amplitude- level  function  did  not  increase 
after  the  exposure  (Fig,  1 4-6). 

The  amplitude-level  functions  on  the  low- 
frcqucncy  side  of  the  hearing  loss  also  exhib¬ 
ited  an  increase  in  slope  and  an  increase  in 
maximum  response  amplitude.  The  amplitude 
enhancement  observed  at  the  inferior  collicu¬ 
lus  cannot  easily  be  accounted  for  in  terms  of 
cochlear  pathophysiology,  particularly  given 
the  lack  of  amplitude  enhancement  in  the  AP. 
Furthermore,  the  location  and  magnitude  of 
the  hair  cell  lesions  in  our  material  were  only 
weakly  correlated  with  the  hearing  loss  and 
enhancement  phenomenon.  The  lack  of  corre¬ 
lation  between  structure  and  function  may  be 
due  to  subtle  histopathologics  (e.g.,  stcrcocilia 
clumping,  fracture  of  stcrcocilia  rootlets)  that 
cannot  be  detected  with  the  conventional  sur¬ 
face  preparatipn  technique  (Liberman  ct  al, 
1986)  Future  "studies  witii  ' plastic  embedded 
specimens  would  clearly  be  more  suitable  for 
studying  the  relationship  between  cochlear 
pathologies  and  the  enhancement  phenome¬ 
non. 


Origins  of  Enhancement 

The  amplitude  enhancement  seen  in  the 
inferior  colliculus  in  the  present  study  is  simi¬ 
lar  to  that  reported  in  the  deafness  mutant 
mouse,  in  which  the  onset  of  cochlear  degen¬ 
eration  during  development  is  covariant  with 
onset  of  amplitude  enhancement  in  the  infe¬ 
rior  colliculus  (Henry  anti  Saleh,  1973).  Simi¬ 
lar  amplitude  enhancements  have  been  ob¬ 
served  in  mice  prone  to  audiogenic  seizure 
(Saunders  ct  al,  1972a,b).  After  the  mice  arc 
primed  for  audioguiic  seizures  using  intense 
sounds,  there  is  a  significant  reduction  in  co¬ 
chlear  microphonic  and  AP  amplitude, 
whereas  the  amplitudes  of  the  evoked  re¬ 
sponses  from  the  CN  and  inferior  colliculus 
arc  enhanced.  These  results  would  seem  to 
suggest  that  the  enhancement  phenomenon 
originates  in  the  CN.  However,  we,  along  with 
others,  have  so  far  not  seen  evidence  of  ampli¬ 
tude  enhancement  in  the  CN  (Powers  and 
Salvi,  1989;  Gerken  et  al,  1984,  1986)  There 
arc  a  number  of  possible  rcaso.is  for  this  dis¬ 


crepancy.  One  possibility  is  that  the  locus  of 
the  enhancement  phenomenon  may  vary  with 
the  age  2t  the  onset  of  the  hearing  loss.  A  sec¬ 
ond  possibility  is  that  the  discrepancy  may 
arise  from  anatomic  and  functional  differences 
between  the  mice  prone  to  audiogenic  seizure 
and  normal  animals.  Finally,  the  likelihood  of 
seeing  th£  enhancement  phenomenon  may  de¬ 
pend  on  the  location  of  the  recording  elec¬ 
trode  within  the  cochlear  nucleus.  For  exam¬ 
ple,  the  enhancement  phenomenon  might  be 
ijiisscd  if  the  recording  electrode  were  lo¬ 
cated  near  the  interstitial  nucleus  at  the  point 
where  the  auditory  nerve  enters  the  cochlear 
nucleus. 

Enhancement  Mechanisms 

Several  investigators  have  studied  the  dis¬ 
charge  rate-level  functions  of  units  in  the  CN 
and  inferior  colliculus  after,  acoustic  trauma. 
Lonsbury-Martin  and  Martin  (1981)  exposed 
animals  to  an  intense  tone  either  a  half-octave 
below  or  at  CF.  Most  units  showed  a  reduc¬ 
tion  in  firing  rate  after  exposure.  However, 
about  one-third  of  the  units  in  the  CN  and  in¬ 
ferior  colliculus  had  Jowcr-than-normal  dis¬ 
charge  rates  near  threshold  and  highcr-than- 
normal  discharge  rates  at  supraihreshold  lev¬ 
els.  They  suggested  that  the  exposure  affected 
basilar  membrane  mechanics  in  such  a  way  as 
to  cause  CF  tones  to  behave  likc-odow'-CF 
tones — i  e.,  at  high  sound  levels,  bclow-CF 
tones  normally  generate  higher  firing  rates 
than  CF  tones. 

What  other  physiologic  mechanism  could 
lead  to  enhanced  evoked  response  amplitudes 
at  high  stimulus  levels?  Willotl  (1984)  and 
Willott  ct  al  (1984)  reported  a  reduction  of 
inhibition  among  units  -in.  the  dorsal  CN  of 
mice  prone  to  audiogenic  seizure  (DBA)  anil 
suggested  that  the  loss  of  inhibition  could  lead 
to  an  increased  level  of  excitability  in  the  infe¬ 
rior  colliculus  (Lonsbury-Martm  and  Martin, 
1981;  Willott  and  Lu,  1982).  They  suggested 
that  the  lack  of  inhibition  in  the  DBA  strain- 
might  be  due  to  the  loss  of  inhibitory  inter- 
neurons,  alterations  in  inhibitory  ncurotrans- 
miners,  or  abnormal  dendritic  morphology. 
Our  preliminary  finding  from  units  in  the 
AVCN  are  consistent  with  the  preceding  hy¬ 
pothesis.  After  overstimulation  with  a  tone  in 
the  high-frequency'  inhibitory  region,  there 
w*as  a  reduction  in  the  inhibitory'  drive  to  the 
cell  from  tones  above  CF,  which  in  turn  was 
correlated  with  an  increase  in  the  maximum 
discharge  rate  to  tones  near  CF.  This  increase 
in  the  maximum  discharge  rate  due  to  the  loss 
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of  inhibition  could  contribute  to  the  enhance¬ 
ment  phenomenon  if  there  was  an  increase  in 
the  discharge  rate  at  stimulus  onset,  such  as 
that  seen  in  Figure  14-10.  One  problem  with 
this  explanation  is- that  the  evoked  potentials 
we  measure  are  presumably  a  response  to  the 
onset  of  the  stimulus,  whereas  the  rate  loci 
functions  reflect  the  driven  level  over  the  du¬ 
ration  of  the  stimulus-  Another  problem  is  that 
v>  c  hav  e  not  obsen  ol  evoked  potential  ampli¬ 
tude  enhancement  in  the  CN,  although  there 
is  evidence  for  such  changes  in  the  Of  (Saun¬ 
ders  et  al,  1972a,b).  Despite  this  discrepancy, 
the  proposed  mechanism  could  still  provide  a 
satisfactory  explanation  if  the  loss  of  inhibition 
were  to  occur  proximal  to  the  CN.  A  third 
problem  relates  to  the  time  course  of  the  en¬ 
hancement  mechanism.  Enhanced  evoked  re¬ 
sponse  amplitudes  were  first  obsen cd  8  hours 
after  exposure,  whereas  single-unit  discharge 
rates  showed  enhancement  within  a  matter  of 
minutes.  Since  the  duration  of  the  exposure 
used  in  the  single-unit  experiments  was  much 
shorter  than  that  used  in  the  chronic  experi¬ 
ments,  it  is  difficult  to  make  direct  compari¬ 
sons  of  the  time  course  of  the  effect.  Also,  we 
ha\c  not  made  detailed  evoked  response  mea¬ 
surements  across  frequency  and  time,  there¬ 
fore  wc  do  not  know  if  evoked  potential  en¬ 
hancement  can  develop  within  a  matter  of 
minutes. 

Studies  of  the  somatosensory  cortex  have 
shown  that  the  selective  removal  of  the  affer¬ 
ent  input  from  a  segment  of  the  receptor  sur¬ 
face  can  result  in  a  change  in  the  topographic 
organization  of  the  somatosensory  cortex  such 
that  deprived  areas  of  the  cortex  become  re¬ 
sponsive  to  stimulation  of  adjacent  regions  of 
the  skin  (Frank,  1980;  Rasnmsson,  1982; 
Merzcnich  and  Kaas,  1982;  Jenkins  and 
Merzenich,  1987).  The  expansion  of  the  re¬ 
ceptive  field  boundaries  in  the  somatosensory 
system  has  been  attributed  to  unmasking  or 
disinlubition  (Mctzlar  and  Marks,  1979;  Cal- 
ford  and  Twccdalc,  1988).  Changes  in  the 
tonotopic  organization  of  the  central  nucleus 
of  the  inferior  colliculus  (ICC)  have  been  ob¬ 
served  in  aging  C57BIv6  micc  (Willott,  1984) 
These  mice  rapidly  develop  a  high-frequency 
hearing  loss  as  a  function  of  age.  Best  frequen¬ 
cies  of  units  in  the  high-frequency  regions  of 
the  ICC  shift  to  lower  frequencies,  and  as  a  re- 
sulllherc  is  an  ovcr-rcprcscntation  of  frequen¬ 
cies  at  the  low-frequency  edge  of  the  hearing 
loss.  One  mechanism  proposed  by  Willott 
(1984)  to  account  for  these  changes  is  a  loss 
of  inhibition  from  the  high-frequency  regions 
of  the  ICC  More  recently,  Robertson  and.Jrv- 
ine  (1989)  demonstrated  that  discrete^  me 


chanical  lesions  of  the  cochlea  resulted  in  an 
expanded  representation  on  the  auditory'  cor¬ 
tex  of  sound  frequencies  adjacent  to  the  dam¬ 
aged  region  of  the  cochlear  partition.  After  a 
recovery'  period  of  35  to  81  day’s,  the  thresh¬ 
olds  of  units  at  their  “new”  characteristic- fre¬ 
quencies  were  close  to  normal,  whereas  the 
thresholds  were  greatly  elevated  after  a  recov¬ 
ery'  period  of  only  a  few  hours.  They  sug¬ 
gested  that  the  pre-existing- anatomic  recep¬ 
tive  fields  were  actually  much  wider  than 
those  measured  physiologically.  Thus,  when 
the  dominant  excitatory'  inputs  to  a  region  arc 
lost  because  of  a  peripheral  lesion,  the  pre-ex¬ 
isting  inputs  from  adjacent  CFs  may  be  ex¬ 
pressed.  However,  the  authors  did  not  rule 
out  the  possibility  that  the  tonotopic  expan¬ 
sion  was  due  to  the  formation  of  new'  syn¬ 
apses.  Thus,  the  enhanced  evoked  response 
amplitudes  observed  on  the  Io\v-frequency 
boundary'  of  the  hearing  loss  in  the  present 
study  (fig.  14*3)  could  be  due  to  the  over- 
representation  of  units  with  CFs  adjacent  to 
the  hearing  loss. 

What  functional  significance  do  the  en¬ 
hanced  evoked  potentials  have  for  auditory 
processing?  One  possibility  is  that  the  rapid 
growth  and  abnormally  large  amplitudes  could 
be  related  to  loudness  recruitment  and  un¬ 
comfortable  loudness  levels  seen  in  patients 
with  sensorineural  hearing  loss  (Gcrken  et  al, 
1986),  Alternatively,  Rajan  ( 1989)  recently  re¬ 
ported  that  electrical  stimulation  of  the  con¬ 
tralateral  or  ipsilatcral  inferior  colliculus  dur¬ 
ing  exposure  to  loud  sounds  significant}’  re¬ 
duced  the  amount  of  temporary  threshold 
shift  caused  by  the  exposure.  The  protective 
effect  of  stimulating  the  inferior  colliculus  was 
blocked  by  intracochlear  perfusion  of  licxamc- 
thonium.  Because  this  drug  also  blocks  the 
protective  effects  due  to  stimulation  of  the 
olivocochlear  fibers,  it  was  suggested  that  the 
inferior  colliculus  might  modulate  the  excit¬ 
ability  of  the  olivocochlear  neurons  that  syn¬ 
apse  on  outer  hair  cells,  thereby  altering  the 
response  of  the  basilar  membrane  (Warr  and 
Guinan,  1979,  Rajan,  1989).  Thus,  an  intrigu¬ 
ing  possibility  is  that  the  abnormally  large 
evoked  potentials  from < the  inferior  colliculus 
feed  back  onto  the  efferent  system  that  inner¬ 
vates  the  outer  hair  cells,  thereby  protecting 
the  cochlta  from  subsequent  exposures  to 
loud  sound.  Indeed,  we  have  recently  found 
that  the  second  exposure  to  a  traumatizing 
acoustic  stimulus  3  to  4  weeks  after  the  first 
exposure  may  produce  substantially  less  eleva¬ 
tion  in  threshold. 

Regardless  of  the  mechanism  or  mecha¬ 
nisms  involved,  it  is  clear  that  the  evoked  po- 
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icntials  from  the  central  auditory  pathway  do 
not  simply  mirror  the  changes  that  occur  in 
the  cochlea.  Our  results,  plus  those  of  others, 
suggest  that  the  pattern  of  neural  activity¬ 
flowing  out  of  the  cochlea  and  into  the  central 
auditor^'  pathway  may  undergo  substantial  re¬ 
organization. 

Amplification  des 
Reponses  Evoquees 
Auditivesapres Exposition 
au  Bruit 

Lcs  pertes  auditives  induites  par  Ic  bruit 
sont  traditionncllcment  considErEes  commc  le 
resultat  d'un  dysfonctionncment  peripherique 
impliquant  des  dommages  anatomiques  et 
physiologiqucs  de  la  cochlEc.  Cependant,  des 
‘ludes  >rEccntes  -indiquent  que  des  change- 
mentsipathophysiologiques  pement  appara:trc 
au  niveau  du  S)SlEme  auditif  central.  Dc  tels 
-changcmcnts  ont  etc  etudies  apres  avoir  im- 
plantc  des  Electrodes  chroniques  i  differents 
emplacements  des  voles  neneuses  auditives 
pour  enregistrer  lcs  fonctions  amplitudc-intcn- 
site  dcs  rEponses  EvoquEcs  par  un  “tone- 
burst1'  avant  ct  apres  dcs  expositions  sonorcs  h 
des  niveaux  capablcs  d’engendrer  fatigue  ct 
penes  auditives. 

Apres  dcs  expositions  sonorcs  dc  forte  in- 
tcnsitE,  Ies  scuils  dcs  rEponses  EvoquEes  au 
niveau  du  nerf  auditif,  du  noyau  cochlEairc  ct 
du  colliculus  infEricur,  Etaicnt  ElcvEs.  Cepen¬ 
dant,  alors  que  le  niveau  sonore  augmentait, 
l'amplitudc  dcs  rEponses  EvoquEes  provenant 
du  colliculus  infEricur  augmentait  3  un  taux 
anomialemcnt  rapidc  de  telle  sorte  que,  k  dif- 
fErentes  frequences,  l'amplitudc  maximale  dc 
la  rEponse  Etait  nettement  plus  grande  que  la 
normale.  Par  contre,  lcs  amplitudes  maximal cs 
dcs  rEponses  EvoquEcs  provenant  du  noyau 
cochlEairc  ct  du  nerf  auditif  Etaicnt,  soit 
Egalcs,  soit  plus  petites  que  la  normale.  Pour 
lcs  aniniaux  prEsentant  des  pertes  auditives, 
les  amplitudes  des  rEponses  EvoquEcs  prove¬ 
nant  du  colliculus  Infcricur  montraient  unc 
augmentation  maximale  d’amplitude  aux  lim- 
ites  “basses  frEqucnces"  dc  la  zone  dc  fre¬ 
quences  cndommagEc,  tandis  que  l'amplitudc 
maximale  Etait  Egalc  ou  plus  petite  que  la  nor¬ 
male  au  centre  ou  k  la  limitc  “hautes  frE- 
qucnccs*’  dc  cctte  meme  zone.  Les  ftEquenccs 
prEsentant  unc  augmentation  d'amplitude  dcs 
rEponses  EvoquEcs,  Etaicnt  faiblemcnt  cor- 
rElEcs  avec  le  modEIc  dcs  pertes  des  cellules 
ciliEes.  Unc  augmentation  d’amplitude  dcs  rE- 


ponscs  evoquees  a  Egalcrocnt  ctc-constatcc 
chez  les  anlraaux  prEsentant  unc  fatigue  audi¬ 
tive.  Dans  ce  cas,  les  amplitudes  ont  retrouve 
au  bout  dc  quelques  mois  une  valeur  idcri- 
tique  a  cclie  avant  exposition.  Ces  rEsultats  iri- 
diqucnt  que  les  pertes  induites  par  le  bruit 
peuvent  Eire  le  resultat  de  changcmcnts  phys- 
iologiqucs  inattendus  dans  lesysteme  auditif 
central.  Lcs  bases  physiologiqucs  et  la  signifi¬ 
cation  dc  ces  changcmcnts  sont  discutEcs 
danscet  article. 

ACKNOWLEDGMENTS 

This  work  was  supported  by  research 
grants  NS 16761  and  DC00368,  and  by  the 
Deafntss  Research  Foundation. 


References 

Catford  MB,  Tweedale  R,  Immediate  and  chrome 
changes  in  responses  of  somatosensory  cortex  in 
adult  Gying-fox  after  digit  amputation.  Nature  1988: 
332 .-446-4 18. 

Eldredgc  DH,- Mills  JH.  Bohne  BA.  AnatomicaL  bchav- 
ioraL  and  clectrophysiological  observations  on 
chinchillas  after  long  exposures  to  noise.  Adv 
Otorhinolaryngol  1973, 2064  81. 

Eldredgc  DH,-  Miller  JO,  Bohne  BA,  A  frequency-posi¬ 
tion  map  for  the  chinchilla  cochlea.  J  Acoust  Soc 
Am  1981;  69.1091-1095. 

Evans  EF.  Temporary  sensorineural  hearing  loss  and 
VUIth  nerve  changes.  In*  Henderson  D,  fiamermk 
RP Dosanjh  DS,  Milk  J,  eds.  Effects  of  noise  on 
hearing.  New  Yorie  Raven  Press,  1976:199. 

Evans  EP,  Nelson  PG.  The  response  of  single  neurones 
in  the  cochlear  nucleus  of  the  cat  as  a  function  of 
their  location  and  anesthetic  state.  Exp  Brain  Res 
1973;  17.-102-427, 

Frank  JI,  Functional  reorganization  of  cat  somatic  sen¬ 
sory  motor  cortex  (Sml)  after  selective  dorsal  root 
rhizotomies.  Brain  Res  1980, 186rf 58-462. 

Gerken  GM,  Saunders  SS,  Paul  RE.  Hypersensitivity  to 
electrical  stimulation  of  auditor)-  nuclei  follows 
hearing  loss  in  cats.  Hear  Res  1984, 13  2i9  259. 

Gerken  GM,  Simhadrl  Sumithra  R,  Bhat  KllV,  Increase 
In  central  auditor)-  responsiveness  during  continu¬ 
ous  tone  stimulation  or  following  hearing  loss.  In. 
Salvi  RJ,  Hamcmik  RP,  Henderson  D,  Collett!  V,  eds. 
Basic  and  applied  aspects  of  noise  induced  hearing 
loss.  New  York:  Plenum  Press,  1986  195. 

Hall  JG  The  cochlear  nuclei  m  monkeys  after  dihydro- 
streptomycin  or.poise  exposure.  Acta  Otolaryngol 
1976;  81-344-352. 

Henderson  D,  Ham  err.  ik  RP,  Woodford  C.  Sitlcr  RW, 
Salvi  R.  Evoked  resoonse  audibility  curve  of  the 
chinchilla.  J  Acoust  iioc  Am  1973, 54:1099-1 101. 

Henry  KR,  Saleh  M.  Recruitment  deafness,  functional 
effect  of  priming  induced  audiogenic  seizures  (n 
mice.  J  Comp  Physiol  1973, 81-430 

Jenkins  WM,  Merzcnich  MM  Reorganization  of  ncocor- 
tical  representations  after  brain  injury:  A  neuro¬ 
physiological  mck*d  of  the  bases  of  recovery  from 
stroke.  Prog  Brain  Res  1987;  71:249-266. 

Klein  AJ,  Mills  HJ  Phjsiological  (waves  I  and  V )  ar.d 


ENHANCEMENT  OF  EVOKED  RESPONSE  AMPLITUDE  AND  SINGLE  UNIT  ACTIVITY 


171 


psychophysical  tuning  curves  in  human  subjects.  J 
Acoust  SocAm,*98I;  69:760-768- 

Liberman  MC,  Kong  NYS,  Acoustic  trauma  in  cats.  Acta 
Otolaryngol  Su'ppl  (Stockh)  1978;  358 1-63- 

Liberman  MC,  jDodds  LW,  Lcarson  DA.  Structure  func¬ 
tion  correlation  in  noise-damaged  cars.'  A  light  and 
electron  microscopic  study.  In-  Salvi  RJ,  Hamemik 
RP,  Henderson  D,  Colletti  V,  cds.  Basic  and  applied 
aspects  of  noise-induced  hearing  loss.  New  York. 
Plenum  Press,  1986-163- 

Lidcit  G,  Engstrom  H.  Hall  JG.  Audiclogical  and  mor¬ 
phological  assessment  of  effect  of  noise  on  cochlea 
and  brain  stem  in  cat  Acta  OtoJary..0ol  (Stoddi) 
1973;  75325  328- 

Lonsbury-Martin  BL,  McikJc-M3.  Neural  correlates  of 
auditor)'- fatigue:  Fi;cqucncy-<iepcndcn t  changes  in 
actmty  of  single 'cochlear  nene  fibers.  J  Neuro¬ 
physiol  1978, 4 >1987-1006. 

Lonsbury -Martin  i.  Martin  GK.  Effects  of  moderately* 
intense  sound  on  auditory  sensitivity  in  Rhesus 
monkqs:  Behavioral  and  neural  observations.  J 
Neurophysiol  1981;  46-563-586. 

Mcrzemch  MM,  Kaas  JH.  Organization  of  mammalian 
somatosensory  cortex  following  peripheral  nene 
injury’.  Trends  Neurosd  1982;  5*128-436. 

Metzlar  j,  Marks  PS.  Functional  changes  in  cat  somatic 
sensory  motor  cortex  during  short  term  reversible 
epidermal  blocks.  Brain  Res  J?79;  177379-383- 

Morcst  K.  Degeneration  In  the  brain  following  expo¬ 
sure  to  noise.  In:  Hamcnuk  RP,  Henderson  D,  Salvi 
RJ,  cds.  New  perspectives  on  noise-induced  hearing 
loss.  Newport;  Raven  Press,  198237. 

Powers  NL,  Salvi  RJ.  Noise  induced  enhancement  and 
depression  of  auditor/  evoked  potentials.  Abstract. 
I2th  Midwinter  Research  Meeting.  Assn  Res  Oto¬ 
laryngol,  St  Petersburg,  FL,  1989-223-224, 

Rajan  R.  Electrical  stimulation  of  the  Inferior  colliculus 
at  low  rates  protects  the  cochlea  from  auditory  dc« 
scmitization,  Abstr  Soc  Neurosd  1989,  15.1 1 14, 

Rasmusson  DD.  Reorganization  of  raccoon  somatosen¬ 
sory  cortex  following  removal  of  the  fifth  dipt.  J 
Comp  Neurol  1982;  20531332 6. 

Robertson  D,  Irvine  DRF.  Plasticity  of  frequency  orga 
nizaiion  In  auditory  cortex  of  guinea  pigs  with  par¬ 
tial  unilateral  deafness.  J  Comp  Neurol  1989, 
282:456-471. 

Ryan  A,  Miller  J  Single  unit  responses  in  the  Inferior 
colliculus  of  the  awake  and  performing  rhesus  mon¬ 
key.  Exp  Brain  Res  1978, 32  389-407. 

Salvi  RJ..  Central  components  of  temporary  threshold 
si  iff  In:  Henderson  D,  Hamemik  RP,  Dosanjh  D, 
Mills  J,  cds.  Effects  of  noise  on  hearing  New  York; 
Raven  Press,  1976247. 

Salvi  RJ,?  Hamemik  RP,  Henderson  D.  Discharge  pat¬ 
terns  In  the  cochlear  nucleus  of  the  chinchilla  fol¬ 
lowing  noise  induced  asymptotic  threshold  shift 
Exp  Brain  Res  1978;  32  301-320. 

Salvi  RJ,  I’erryJ,  Hamemik  RP,  Henderson  D.  Relation¬ 
ships  between  cochlear  pathologies  and  auditory/ 
nerve  and  behavioral  responses.  In  Hamemik  RP 
Henderson  D,  Salvi  RJ,  eds.  New  perspectives  o,i 


noisc-induccd  hearing  loss.' New  York:  Raven  Press, 

1 982a:  165’ 

Salvi  RJ,  Ahxoon  WA,  Perry’  JW,  Gunnarson  31S,  Hender¬ 
son  D  Comparison  of  psychophysical  and  evoked- 
potential  tuning  curves  in  the  chinchilla.  Am  J  Oto¬ 
laryngol  1982b;  3-408-416 

Salvi  RJ,  Hamemik  RP,  Henderson  D.  Response  patterns 
of  auditory  nerve  fibers  during  temporary  threshold 
shift.  Hear  Res  1983a;  10-37-67. 

Salvi  RJ,  Henderson  D,  Hamemik  RP."  Physiological 
bases  of  sensorineural  hearing  loss.'  In  Tobias  J, 
Schubert  E,  eds.  Hearing  research  and  theory’  Vol  2. 
New  York:  Academic  Press,  1983b- 173- 

Saunders  JC,  Rhyne  RL  Cochlear  nucleus  activity  and 
threshold  shift  in  cat.  Brain  Res  1970;  24339-342, 

Saunders  JC,  Bock  GR,  Chen  CS,  Gates  GR.  The  effects 
of  priming  for  audiogenic  seizures  on  cochlear  and 
behavioral  responses  In  BALB/c  mice.  Exp  Neurol 
1972a,  36-126-436. 

Saunders  JC.  Bock  G,  James  R,  Chen  CS.  Effects  of  prim¬ 
ing  for  audiogenic  seizure  on  auditory  evoked  re¬ 
sponses  in  the  cochlear  nucleus  and  Inferior  collic¬ 
ulus  of  BALB/c  mice,  Exp  Neurol  1972b;  37388- 
391 

Schmicdt  RA,  Zwislocki  JJ,  Hamemik  RP.  Effects  of  hair¬ 
cell  lesions  on  responses  of  cochlear-nerve  fibers.  I. 
Lesions,  tuning  curves,  two-tone  inhibition  and  re¬ 
sponses  to  trapezoidal  wave  patterns.  J  Neurophys- 
tol  1980;  43  1367-1389. 

Siegel  JH,  Kim  DO.  Cochlear  biomechanics-  Vulnerabil¬ 
ity  to  acoustic  trauma  and  other  alterations  seen  in 
neural  responses  and  ear  canal  sound  pressure.  In 
Hamemik  RP,  Henderson  D,  Salvi  RJ,  cds.  New  per¬ 
spectives  on  noise  induced  hearing  loss.  New  York. 
Raven  Press.  1982  137. 

Starr  A.  Suppression  of  single  neuron  activity  in  the  co¬ 
chlear  nucleus  of  the  cat  following  sound  stimula¬ 
tion.  J  Ncurophysiol  1965, 26-116-431. 

Thcopold  ILM.  Degenerative  alterations  In  the  ventral 
cochlear  nucleus  of  the  guinea  pig  after  impulse 
noise  exposure.  Arch  Otolaryngol  1975,  209247- 
262. 

Warr  WB,  Guirun  JG.  Efferent  mnervatiun  of  the  organ 
of  Cortl  Two  separate  systems.  Brain  Res  1979, 
173 152-155. 

Willott  JF.  Changes  In  frequency  representation  In  the 
auditory  system  of  mice  with  age  related  hearing 
Impairment,  Brain  Res  1984. 309 159-162. 

Willott  JF,  Lu  S-M.  Noise-Induced  hearing  loss  can  alter 
neural  coding  and  increase  excitability  in  the  cen¬ 
tral  nervous  system.  Science  1982, 216  1331-1332. 

Willott  JF,  Dcmuth  RM,  Lu  S-M,  Exdtaoihty  of  auditory’ 
neurons  In  the  dorsal  and  ventral  cochlear  nuclei  of 
D3A/2  and  C57BL/6  mice.  Exp  Neurol  1984, 
83495-506. 

Young  ED,  Brownell  WE  Responses  to  tones  and  noise 
of  single  cells  in  dors’ll  cochlear  nucleus  of  unanes* 
thetued  cats.  J  Ncurophysiol  1976,  39282-300. 

Young  ED.  Response  characteristics  of  neurons  of  the 
cochlear  nuclei.  In  Berlin  C,  ed.  Hearing  science. 
San  Diego;  College  Hill  Press,  1984  423. 


CHAPTER  15 


Interaction  of  Noise  and  Other 
Agents:  Recent  Advances 

FLINT  A.  BOETTCHER 
MICHAEL  ANNE  GRATTON 
BRIAN  R.  BANCROFT 
VLASTA  SPONGR 


iNoise  exposure  is  file  most  common  cause 
of  acquired  hearing  loss  in  industrial  societies, 
and  is  rated  by  the  United  States  National  In* 
stitute  for  Occupation  Safety  and  Health  as  a 
major  problem  in  industrial  safety  and  health. 
It  is  estimated  that  over  10  millioa  clvilians  in 
the  United  States  are  routinely  exposed  to  haz¬ 
ardous  industrial  noises  (von  Gierke,  1990), 
Despite  the  prevalence  of  noise-induced  hear¬ 
ing  loss,  it  has  proven  difficult  to  predict  hear¬ 
ing  loss  simply  given  the  noise-exposure  his¬ 
tory  of  a  person,  Intcrsubjcct  variability  In  t'jc 
degree  of  hearing  loss  is  common  In  demo¬ 
graphic  studies  of  noise-induced  hearing  loss; 
for  example,  Passchter- Vermeer  (1983)  re¬ 
ported  a  wide  variability  of  hearing  loss 
among  factor)’  workers  with  similar  exposure 
history.  Such  variability  may  be  a  result  of  one 
or  more  factors,  such  as  differences  in  recre¬ 
ational  noise  history,  health  factors,  or  expo¬ 
sure  to  ototoxic  drugs  or  environmental  tox¬ 
ins. 

The  major  focus  of  this  chapter  will  be  on 
the  interaction  of  noise  with  cisplatin  and 
noise  vvith  salicylates,  because  new  data  arc 
available  on  these  interactions.  We  will  also 
discuss  recent  data  from  other  investigators 
on  the  interaction  of  noise  with  carbon  mon¬ 
oxide,  toluene,  and  carbon  disulfide.  Tills,  re¬ 
view  of  noise-drug  and  noise- environmental 
agent  interaction  is  not  intended  to  be  exhaus¬ 
tive;  studies  performed  before  1987  were  re¬ 
viewed  previously  (Boettcher  et  al,  1987). 
Furthermore,  Aran  et  al  describe  the  interac¬ 
tion  between  noise  and  aminoglycoside  antibi¬ 
otics  in  detail  in  Chapter  1 6. 


Interaction  of  Noise 
and  Cisplatin 

Cisplatin  (cis  diamminedichloro-plad- 
num)  and  Its  derivatives  arc  promising  chemo¬ 
therapeutic  agents  that  act  against  squamous 
cell  carcinomas  of  the  head  and  neck  and 
genitourinary  systems.  Cisplatin  is  an  inor¬ 
ganic  heavy  metal  complex  that  putatively  in¬ 
hibits.  DNA  synthesis  through  creation  of  in- 
trastrand^  crosslinks  between  guanine  bases 
(Borch,  i987).  Cisplatin  is  not  selectively  in¬ 
corporated  only  by  tumor  cells;  in  addition,  it 
has  been  shown  to  have  an  affinity  for  the 
liver,  kidney,  and  cochlea  (Schweitzer  et  al, 
1984),  Elimination  of  cisplatin  is  incomplete, 
and  the  drug  may  bind  irreversibly  to  tissue 
(Sharma  and  Edwards,  1983;  Safirstcln  et  al, 
1986). 

Cisplatin  administration  may  result  in  side 
effects  such  as  nephrotoxicity,  myelosuppres- 
sion,  gastrointestinal  disturbance,  and  ototox¬ 
icity,  Cisplatin  ototoxicity  presents  as  a  bilat¬ 
eral,  symmetrical  sensorineural  hearing  loss.  It 
is  typically  permanent,  although  several  inves¬ 
tigators  have  reported  recovery  in  some  sub¬ 
jects  (Fausti  ct  al,  1984,  Aguilar-Markulis  et  al, 
1981)  Onset  of  hearing  loss  can  be  detected 
initially  in  the  ultrahigh  frequencies,  often  af¬ 
ter  the  first  or  second  course  of  chemotherapy 
(Fausti  ct  al,  1984).  The  degree  of  loss  and 
the  frequency  range  of  affected  hearing  in¬ 
crease  as  the  dose  or  duration  of  cisplatin  ad¬ 
ministration  increases  (Aguilar-Markulis  et  al, 
1981). 
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Figure  15*1  Exposure  schedule  for  noisc- 
cisplatm  interaction  experiments  (From 
Gratton  MA,  Salvi  RJ,  Kamen  B,  Saunders 
SS.  Interaction  of  cisplatin  and  noise  on  the 
peripheral  auditory  system.  Hear  Res  1990, 
50  211-224,) 


NOISE 


CISPLATIN 


Mechanism  of  Cisplatin 
Ototoxicity 

Morphologic  studies  following  cisplatin 
administration  show  that  the  concentration  of 
cisplatin  is  three  times  higher  In  the  stria  vas¬ 
cularis  than  in  auditory,  or  vestibular  neuroep¬ 
ithelial  tissue,  which  would  suggest  that  oto¬ 
toxic  effects  of  cisplatin  may  be  due  to  strial 
damage  (Schweitzer  et  al,  198-1;  Kohn  et  al, 
1988).  However,  there  is  no  evidence  of  de¬ 
creased  Na*K*  ATPasc  after  cisplatin  adminis¬ 
tration  (Barron  and  Dalgncault,  1987).  In- 
stead,  it  appears  that  the  critical  damage 
caused  by  cisplatin  is  at  the  level  of  the  hair 
cell.  Initially,  cisplatin  causes  damage  to  outer 
hair  cell  (OIIC)  stcreocilla, "followed  by  hair 
cell  degeneration  starting  at  the  basal  turn  of 
the  cochlea  and  progressing  apicalward.  Inner 
hair  cells  (IHCs)  are  affected  after  all  three 
rows  of  OHCs  have  degenerated  (Fleischntan 
ct  al,  1975;  Wright  and  Schaefer,  1982;  Marco- 
Algarra  et  al,  1985;  Contis  et  al,  1986;  Barron 
and  Daigneault,  1987).  It  has  been  postulated 
that  aminoglycoside  antibiotics  damage  the 
auditory  system  via  a  scries  of  processes,  in¬ 
cluding  disruption  of  hair  cells  (Schacht, 
1986;  Williams  ct  al,  1987),  It  is  possible  that 
cisplatin  has  similar  effects,  but  the  mecha¬ 
nisms  hive  not  yet  been  elucidated. 

Cisplatin  ototoxicity  may  be  exacerbated 
by  concurrent  administration  of  aminoglyco¬ 
side  antibiotics  (Schweitzer  et  al,  1984)  or 
loop-inhibiting  diuretics  (Brummett,  1981; 
Kommune  and  Snow,  1981)  as  well  as  by 
prior  cranial  irradiation  (Gtanowetter  et  al, 
1985;  Baranak  et  al.  1988).  One  study  sug¬ 
gested  that  guinea  pigs  exposed  to  broadband 
noise,  followed  10  days  later  by  cisplatin  ad¬ 
ministration,  did  not  have  greater  hearing  loss 
than  animals  only  given  the  drug  (Lautell  and 
Borg,  1986).  However,  we  are  aware  of  no 


studies  that  have  utilized  concurrent  adminis¬ 
tration  of  cisplatin  and  exposure  to  notsc. 

Methods 

Adult  chinchillas  weighing  450  to  650  g 
were  used  as  subjects.  Status  of  the  auditory 
system  was  monitored  by  the  auditory  evoked 
response  recorded  from  the  inferior  eollieu 
lus.  Each  animal  was  anesthetized,  and  a 
chronic  electrode  was  implanted  stcreotaxi- 
call}-  Into  the  left  inferior  colliculus.  At  the 
same  time,  the  left  cochlea  was  surgically  de¬ 
stroyed,  Threshold  testing  occurred  in  a 
sound-treated  room  with  the  animal  awake 
and  lightly  restrained.  Testing  was  performed 
using  tone  bursts  (20  ms  duration,  5  ms  rise/ 
fall,  10  per  second)  at  octave  Intervals  from 
0.5  to  16  kHz  and  at  1 1,2  kHz.  Baseline  audio- 
grams  were  derived  from  five  complete  tests 
prior  to  exposure,  and  permanent  threshold 
shift  (PTS)  audiograms  were  derived  from  five 
complete  tests  performed  30  days  or  more  af¬ 
ter  termination  of  exposure.  Data  arc  also  pre¬ 
sented  that  were  collected  during  the  noise' 
drug  exposure  (termed  "asymptotic  threshold 
shift,"  or  ATS). 

Animals  were  assigned  to  one  of  seven 
groups;  noise  alone  (OBN  centered  at  0.5  kHz. 
intensities  of  70,  85,  or  100  dB  SPL),  drug 
alone  (2.75  mg  per  kilogram  cisplatin  IP),  or 
both  noise  and  cisplatin.  The  exposure  sched¬ 
ule  is  shown  in  Pijpire  15-1.  The  experiment 
was  designed  so  that  each  animal  received  a 
total  of  15  days  of  noise  exposure,  four  injec¬ 
tions  of  cisplatin,  or  both.  Animals  receiving 
cisplatin  were  hydrated  with  lactated  Ringer's 
solution  (6  percent  body  weight)  for  80  hours 
surrounding  the  injections. 

After  PTS  testing  was  completed,  animals 
were  anesthetized  and  decapitated.  Each  bulla 
was  removed  and  opened,  and  2.5  percent 
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glutaraldehyde  in  veronal  acetate  buffer  (pH 
73)  was  perfused  through  a  perforation  in  the 
round  window.  Following  overnight  refrigera¬ 
tion,  the  cochlea  was  again  perfused,  then 
later  postfixed  and  stained  for. 30  minutes  via  a 
slow  Derfusion  of  cold  osmium  tetroxidc.  The 
cochlea  was  dehydrated  to  70  percent  CTOH, 
then  placed  in  50  percent  EDTA  solution  The 
decalcified  cochlea  was  microdissccted  and 
the  organ  of  Corti  was  mounted  in  glycerin  for 
light-microscopic  study.  The  sensory  epithe¬ 
lium  was  view'ed  at  X400  using  light  micros¬ 
copy  to  quantify  the  number  of  missing  IHCs 
and  OHCs,  averaged  over  0.24-mm  intervals 
along  the  basilar  membrane.  Sensory  cells 
w'crc  considered  present  if  the  cell  body  and 
cuticular  plate  were  intact.  Data  were  plotted 
as  a  function  of  percentage  of  distance  from 
the  apex  in  order  to  obtain  a  cochleogram, 
Group  cochlcograms  were  obtained  by  aver¬ 
aging  data  over  1  percent  intervals. 

Results  and  Discussion 

Figure  15-2  show’s  cytocochlcograms  and 
PTS  data  for  animals  exposed  to  70  dB  noise, 
cisplatin,  or  both  agents.  Cisplatin  alone  (Fig. 
15-2A)  caused  little  PTS  and  minor  01 IC  loss 
at  the  basal  region  of  the  cochlea,  The  noise  at 
70  dB  SPL  (Fig.  15-2B)  caused  minimal  PTS 
and  hair  cell  loss.  Animals  that  received  both 
agents  (Fig,  15-20)  had  no  more  PTS  .or  cell 
loss  than  those  exposed  only  to  cisplatin. 

Figure  15-3A  shows  threshold  shifts  for 
animals  exposed  to  100  dB  noise,  cisplatin,  or 
both  agents,  measured  1  hour  after  the  final 
experimental  condition.  Cisplatin  caused  little 
ATS,  whereas  animals  exposed  to  cither  the 
noise  alone  or  the  combination  had  *10  to  55 
dB  of  ATS.  Although  the  combination  group 
showed  a  trend  toward  greater  hearing  loss, 
the  differences  between  the  groups  were  not 
significant.  However,  the  combination  group 
had  significantly  greater  PTS  than  the  noise- 
alone  group  (Multiple  ANOVA  (analysis  of 
variance)  p  less  than  0001),  especially  at  the 
high  frequencies  (Fig.  15-3B), 

Figure  15-4  shows  average  cochlcograms 
of  chinchillas  exposed  to  cisplatin,  noise  (100 
dB),  or  both  agents.  Those  exposed  to  cis¬ 
platin  had  small  losses  of  OHCs  in  the  basal 
turn  of  the  cochlea.  Animals  exposed  to  noise 
had  scattered  IHC  and  OHC  loss,  with  a  peak 
of  40  percent  OHC  loss  in  the  region  between 
0.5  and  2  kHz,  Animals  exposed  to  both  agents 
had  scattered  IHC  loss  of  20  percent  and 
losses  of  OHC  as  great  as  70  percent  in  the 
basal  (hook)  region 


Because  interaction  between  noise  and 
cisplatin  was  observed  for  intense  (100  dB) 
■but  not  for.miid  (70  dB)  noise- exposures,  a 
moderate  noise  exposure  was  used  (85  dB 
SPL).  When  the  moderate  level  of  noise  expo¬ 
sure  w*as  used,  animals  in  the  combination 
group  (85  dB  plus  cisplatin)  had  significantly 
more  ATS,  PTS,  and  hair  cell  loss  (p  <  0001) 
than  those  exposed  only  to  the  noise. 

The  results  of  the  experiments  are  sum¬ 
marized  in  Figure  15-5.  Data  arc  presented  for 
each  of  the  se\en  groups  in  terms  of  PTS  and 
hair  cell  loss.  It  is  apparent  that  the  combina¬ 
tion  groups  with  the  moderate  (85  dB).and 
high  (100  dB)  noise  levels  had  more  PTS  and 
hair  cell  loss  than  the  groups  exposed  to  ci¬ 
ther  the  noise  or  drug  alone.  The  70-dB  com¬ 
bination  group  did  not  have  greater  damage 
than  the  noise-alone  group.  In  summary,  re¬ 
sults  of  these  experiments  suggest  that  con¬ 
current  administration  of  cisplatin  and  moder¬ 
ate  to  intense  continuous  noise  can  result  in 
greater  hearing  loss  and  hair  cell  damage  than 
such  loss  and  damage  that  occurs  from  cither 
agent- alone.  The  interaction  effect  is  greatest 
in  the  high  frequencies.  A  threshold  of  interac¬ 
tion  appeared  to  occur,  because  no  interac¬ 
tion  was  observed  at  noise  levels  below  85  dB. 
Tlie  mechanisms  of  cisplatin  ototoxicity  and 
cisplatin/noise  interaction  are  not  yet  under¬ 
stood,  and  further  experiments  arc  warranted. 

Interaction  of  Noise 
and  Salicylates 

Salicylates  arc  the  most  commonly  used 
drugs  in  Western  societies.  Rainsford  (1984) 
reported  that  in  1980  over  70  million  kg  of  as¬ 
pirin  were  produced  in  the  United  States.  Sa¬ 
licylates  produce  the  ototoxic  symptoms  of 
tinnitus  and  mild  to  moderate  hearing  loss  in 
some  patients  (Myers  and  Bernstein,  1965; 
McCabe  and  Dey,  1965).  The  symptoms  typi¬ 
cally  disappear  within  3  days  of  the  final  ad¬ 
ministration  of  the  drag,  and  there  arc  few 
confirmed  reports  of  permanent  loss  due  to 
sal icylates.  Typically,  the  serum  salicylate  level 
must  exceed  12  5  mg%  for  ototoxic  symp¬ 
toms  to  be  detectable  (Myers  and  Bernstein, 
1965;Jardini  et  al,  1978). 

Mechanisms  of  Salicylate 
Ototoxicity 

The  mechanisms  of  salicylate  ototoxicity 
are  not  well  understood.  Douek  et  al  ( 1983) 
reported  that  salicylate  administration  re- 
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Figure  15*2  Cytocochleograms 
and  permanent  threshold  shift 
(PTS)  values  for  animals  exposed 
to  (A)  both  cisplatln  and  noise, 
(D)  noise  alone— 70  dB  SPL  OBN 
at  0.5  kHz.  and  (C)  dsplatio 
alone  (2,75  mg  per  kilogramX 
(rrorn  Gratton  MA,  Salvl  FJ. 
Kamen  B,  Saunders  SS.  Interaction 
of  cisplatln  and  noise  on  the 
peripheral  auditor)'  system.  Hear 
Res  1990;  50211-22L) 
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Figure  1 5-3  Threshold  lor  rfaachfll**  exposed 
to  oobe  (100  dB  STU  OBS  at  03  kHz).  cbptam  (175 
mg  per  kflogram),  or  both  agrau.  A.  'ihrohold  shiif  at 
tcnninauoo  of  exposure.  B,  Pmnmou  threshold  shift 
(avenge  of  5  tests,  30  to  40  days  after  icrmiruiioo  of 
exposures).  (From  Gratton  MV.  Sahi  RJ.  Karacn  B, 
Saunders  SS.  Interaction  of  aspbun  and  nobc  on  the 
peripheral  auditocy  system.  Hear  Res  1990;  50211- 
221) 

suited  in  bending  of  the  stereocilia  of  cochlear 
hair  cells  and  caused  swelling  and  vacuoliza¬ 
tion  of  the  smooth  endoplasmic  reticulum  in 
hair  cells,  Shchata  ct  al  ( 1990)  reported  that 
OHCs  lose  their  turgidity  after  administration 
of  salicylate  and  arc  thus  less  able  to  contract 
Tills  evidence  is  consistent  with  studies  that 
have  shown  decreased  cochlear  microphomc 
potential  after  salicylate  with  no  concomi¬ 
tant  cnange  in  the  w hole-nerve  action  poten¬ 
tial  (Mitchell  ct  aJ,  1973;  Stypulkow^ki,  19B9) 
and  with  other  studies  showing  decreased 
otoacoustic  emissions  after  aspirin  administra¬ 
tion  (Long  and  Tubis,  1988,  MeFadden  and 
Plattsmicr,  1984).  Another  senes  of  experi¬ 
ments  suggested  that  salicylate  causes  a  dc 
crease  in  the  blood  supply  to  the  organ  of 
Corti,  possibly-  through  effects  on  the  adrener¬ 
gic  innervation  of  the  vasculature  (Cazals  ct 
al,  1988)  or  through  decreased  prostaglandin 


VO 

syntheses  sa  the  cochlea  (Bcoebet  ct  4 
1935),  afcbocgb  this  Izarr  obsemrioa  fas 
been  (Sooted  (Pod  ct  al,  19S9X 

Previous  Results  of 
Noise-Salicylate  Interaction 

Because  of  the  pcetakxxr  of  exposure  to 
high  fords  of  rxwc  2nd  tlx:  coemaca  use  of  as- 
peria  and  salkxiates,  it  B  critical  to  understand 
whether  the  two  agents  interact  to  damage 
the  :ex2iiory  system.  The  results  of  several  pre¬ 
vious  examinations  of  the  question  arc  equiv¬ 
ocal.  MeFadden  and  Ptmsnucr  (1935)  re¬ 
ported',  that  young  adult  humans  received 
more  TT5  when  exposed  to  an  intense  pure 
tone  (2.500  Hz)  after  administration  of  3.9  g 
of  aspirin  for  3  days  before  the  exposure  than 
when  the  exposure  occurred  in  the  absence  of 
aspirin.  Eddy-  cl  al  ( 1976)  reported  that  chin¬ 
chillas  exposed  to  salicylate  (200  rog  per  cu¬ 
bic  centimeter)  and  noise  (85  dBA)  received 
approximately  55  dB  of  temporary  threshold 
shift  at  1  kHz.  compared  to  35  dB  from  noise 
and  30  dB  from  salicylate.  In  contrast.  Wood¬ 
ford  ct  al  ( 1978)  reported  that  chinchillas  ex¬ 
posed  to  salicylate  (400  mg  per  kilogram  IM) 
and  one  of  three  noises  (95  dB  octave  band 
from  2  to  4  kHz  for  I  hour.  80  dB  octave  band 
centered  at  4  kHz  for  96  hours,  or  50  impulses 
of  50  ms  overpressure  at  158  dB  SPL)  had  no 
more  ITS,  PTS,  or  hair  cell  loss  than  control 
animals  exposed  to  either  salicylate  or  one  of 
the  noises  alone.  Lambert  ct  al  (1986)  re¬ 
ported  no  differences  in  hair  cell  loss  between 
chicks  exposed  to  noise  ( 1 15  dB  tone  at  1,500 
Hz  for  8  hours)  and  chicks  exposed  to  noise 
and  salicy  late  (two  or  three  aspirin  per  day'  for 
4  days)  Lindgren  and  Axclsson  (1986)  re¬ 
ported  no  exacerbation  of  noise-induced  hear 
ing  loss  by  aspirin  (1  g  per  day).  Recently, 
Carson  ct  al  (1989)  reported  that  salicylate 
administration  did  not  increase  the  noise-in¬ 
duced  threshold  shift,  but  did  increase  noisc- 
induccd  hair  cell  loss. 

Methods 

The  experiments  recently  performed  in 
our  lab  were  designed  to  answer  the  following 
question.  Does  salicylate  administration  exac¬ 
erbate  the  TTS,  PTS,  and  hair  cell  loss  caused 
by  exposure  to  noise  (octave  band  centered  at 
500  Hz)  of  long  duration  (15  days)?  The  ex¬ 
periment  differs  from  some  of  the  earlier  stud 
ics  by  using  long  duration  exposure  (15  days) 
and  two  noise  exposures — one  that  results  in 
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figure  1S-*  Average 
cytococbleograais  of  chinchillas 
exposed  to  (A)  cbpbxin — 275 
rag  per  Uk>grzra  per  day;  (B) 
noise — 100  dB  SPL  OBX  at  500 
tUicr(C)  both  ageing  Key  b 
shown  in  upper  left  of  each  panel 
(from  Gnstoo  MV.  Salvi  RJ. 
Kamcn  B,  Saunders  SSu  Interaction 
of  ctspLuin  and  noise  on  the 
peripheral  auditory  system.  Hear 
Res  1990;  5021 1-224.) 
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Figure  15-5  Mean  bearing  kvu  (A)  and  hair  cell  loss 
(B)  for  the  seven  groups  of  chinchillas  exposed  to 
noise,  cisplatm.  or  both  agents.  CIS.  cisplaun.  2.75  rag 
per  kilogram;  CIS/#,  cisplaun  plus  noise  exposure  in 
decibels  SPL;  #  dB,  noise  exposure  in  decibeb  SPL. 
OBN  centered  at  0.5  k tlx. 


Significant  PTS  and  hair  cell  loss  (105  dB)  and 
one  that  causes  less  than  10  dB  of  PTS  and 
small  amounts  of  hair  cell  loss  (80  dB).  A  salt- 
cjlate  dose  (300  mg  per  kilogram  per  day  IP) 
was  chosen  that  results  in  serum  salicylate  lev¬ 
els  of  20  to  40  mg%,  a  scrum  concentration 
Known  to  result  in  ototoxic  effects  in  many 
species  (Myers  and  Bernstein,  1965;  Boettcher 
ct  al,  1989,  1990). 

As  in  the  ci>platin  experiments,  chinchil¬ 
las  were  used  in  all  phases  of  the  experiments. 
Hearing  levels  were  monitored  using  the 
evoked  response  technique.  Cochlear  damage 
was  determined  as  described  for  the  dsplatin 
experiments,  using  the  surface  preparation 
technique. 
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Figure  15-6  Mean  threshold  shifts  of  chinchillas  ex¬ 
posed  to  sodium  salicylate  (300  mg  per  kilogram  per 
dayX  noise  ( 105  dB  SPLX  or  both  agents.  A,  Threshold 
shift  50  hours  after  ccposure  onset  B,  Permanent 
threshold  shift  measured  30  days  after  termination  of 
exposure.  Open  tquares  and  solid  line,  salicylate;  dia¬ 
monds,  noise  alone;  squares  and  dashed  lines,  noise 
plus  salicylate.  (From  Bancroft  DR,  Boettcher  FA,  Salvi 
HI.  Vf’u  J  Effects  of  noise  and  salicylate  on  auditory 
evoked  response  thresholds  in  the  chinchilla.  Hear  Res 
1991  (Accepted  for  publication  \ 

Results  and  Discussion 

Figure  15-6A  shows  temporary  ihreshold 
shifts  for  chinchillas  exposed  to  salio  late 
(300  mg  per  kilogram),  noise  (105  dB  SPL), 
or  both  agents  concurrently.  The  average 
threshold  shift  for  the  drug-alone  group  was 
10  dB  or  less,  w  hereas  that  for  the  noise-alone 
and  combination  groups  was  as  great  as  70  dB. 
There  were,  however,  no  significant  differ¬ 
ences  in  ITS  between  the  noise-alone  and 
combination  groups  (F  =  -i.10;  df  =  1,10;  p 
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Jess  ihm  0m\  figure  15 -6B  shows  perma- 
oeni  threshold  shifts  for  the  same  2n*nnK  Ir  is 
2ppircnl  from  the  figures  that  the  ammals  ex¬ 
posed  to  both  agents  concurrently  did  not  suf¬ 
fer  greater  TI3  or  PT5  than  those  exposed  to 
noise  2J00C  A  sufrstical  procedure  (AXOVA) 
coefirmed  this  observation  (F  =  0-53;  df  = 

i,io;p>oxn). 

Figure  15-7A  show's  TTS,  2nd  Figure 
15-7B  shows  PTS  data  for  chinchHhs  exposed 
to  salicylate  (300  mg  per  kilogram  per  day 
IPX  noise  (80  dB  SPL),  or  both  agents  concur¬ 
rently.  This  experiment  was  performed  to  rule 
out  the  possibility  that  the  effects  of  the  in¬ 
tense  noise  in  the  earlier  experiments  (105 
dB)  may  have  been  50  great  as  to  “mask”  a  po¬ 
tential  interaction  between  the  agents.  How¬ 
ever,  it  is  apparent  from  figure  15-7  that  ani¬ 
mals  exposed  to  the  low-lev  cl  noise  and  sali¬ 
cylate  did  not  ha\  c  significantly  greater  TTS  or 
PTS  than  the  noise-alone  group.  Analysis  of  the 
groups  showed  no  significant  differences  in 
TTS  between  the  combination  and  noise-alone 
groups  (F  =  3-57;  df  =  1,8;  p  >  0.01  X  There 
were  no  differences  in  PTS  across  the  three 
groups  (F  =  0.24;  df  =  2,24;  p  >  0.01  X 

figure  15/8  shows  average  cytocochl co- 
grams  for  subjects  exposed  to  105  dB  SPL 
noise  (fig.  15-8A).  300  mg  per  kilogram  per 
day  of  sodium  salicylate  (fig  15-8),  or  both 
agents  (fig  15-8C).  It  is  apparent  that  the 
noise  alone  caused  significant  OHC  loss  in  the 
region  of  the  cochlea  corresponding  to  300  to 
1200  Hz.  In  addition,  there  were  small  lesions 
in  each  individual  cochlea  representing  com¬ 
plete  IHC  and  OHC  loss.  Salicylate  alone 
caused  no  significant  hair  cell  loss.  Cochl co¬ 
grams  of  the  animals  exposed  to  both  agents 
were  similar  to  those  of  the  noise-alone  group. 
There  were  no  significant  differences  between 
noise-alone  and  interaction  groups,  consistent 
with  the  evoked-response  data.  Results  for 
multiple  ANOVA  analysis  using  the  combined 
cochlcograms  for  both  experiments  (80  and 
105  dB  SPL  noise)  were  ( 1 )  inner  hair  cells:  F 
ratio  =  0  035,  df  =  1,10,  p  less  than  0.01;  and 
(2)  outer  hair  cells:  F  ratio  =  0  552,  df  =»  1,10, 
p  less  than  001. 

In  summary,  chinchillas  exposed  to  so¬ 
dium  salicylate  (300  mg  per  kilogram)  and 
noise  (80  or  105  dB  SPL  OBN)  did  not  have 
greater  TTS,  PTS,  or  hair  cell  loss  than  chin¬ 
chillas  exposed  to  noise  alone.  The  data  are  in 
contrast  with  those  reported  by  Eddy  et  ai 
(1976>,'we  suggest  that  the  behavioral  tech 
mque  used  by  Eddy  et  al  may  have  o\  crest  i- 
mated  the  hearing  loss  caused  by  saliqlatc 
and  by  the  combination  of  salicylate  and 
noise.  It  is  a  common  observation  that  high  se- 
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figure  15-7  Mean  threshold  shifts  of  chinchillas  ex¬ 
posed  to  sodium  salicy  late  (300  mg  per  kilogram  per 
dayX  noise  (80  dB  SPLX  or  both  agents.  A,  Threshold 
.shift  50  hours  afte?  exposure  onset  B,  Permanent 
threshold  shift  measured  30  days  after  termination  of 
exposure.  Open  squares  and  solid  line  salicylate,  dia¬ 
monds,  noise  alone,  squares  and  dashed  lines,  noise 
plus  salicylate  (From  Bancroft  BR.  Boettcher  FA  Salvi 
RJ,  Vfu  J.  Effects  of  noise  and  salicylate  on  auditory 
evoked  response  thresholds  in  the  chinchilla.  Hear  Res 
1991  (Accepted  for  publication). 


rum  salicylate  levels  cause  lethargy  in  experi¬ 
mental  subjects  and  thus  decrease  behavioral 
responsivity.  The  data  from  the  present  exper¬ 
iment  also  differ  somewhat  from  those  of  Mc- 
Fadden  and  Plattsmier  (198*X  In  the  present 
study,  a  long-duration  noise  exposure  was 
used,  whereas  MeFadden  and  Platlsmicr  used 
a  10  second  tone  to  induce  acoustic  trauma. 
The  combination  exposure  induccJ  a  hearing 
loss  that  lasted  approximately  30  minutes;  it  is 
thus  possible  that  an  interaction  between 
noise  and  salicylate  may  occur  with  a  short 
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Figure  15-8  Average  cyiocochlcograms 
of  chinchillas  exposed  10  (A)  noise— 
105  d8  SPl;  (B)  salicylate— 300  mg  per 
kilogram;  oe  (C)  noise  plus  salicylate. 
Key  fa  shown  in  upper  left  of  each  panel 
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duration,  but.  the  data  from  the  presem  expo¬ 
sure  suggest  that  it  is  not  a  permanent  effect. 

Data  from  the  present  experiments  arc 
consistent  with  the  data  of  Woodford  ct  al 
(1978)  and  Lambert  ct  al  (1986),  and  with 
the  ooked  response  data  of  Orson  et  al 
( 1989)  Because  the  exact  mechanism  of  sali¬ 
cylate  ototoxicity  is  not  completely  under¬ 
stood,  it  is  difficult  to  answer  the  question  of 
why  there  is  no  interaction.  Hypothetically, 
studies  suggest  that  those  ototoxic  drugs, 
which  themselves  cause  permanent  damage  to 
hair  cells  (cg^  cisplatin  and  aminoglycosides), 
may  interact  with  noise,  whereas  those  oto¬ 
toxic  drugs  that  do  not  cause  permanent  dam¬ 
age  (c.g,  sajiqlatcs  and  diuretics)  will  not  in¬ 
teract  with  noise  Howexer,  this  hypothesis 
does  not  provide  an  answer  as  to  why  the  in¬ 
teractions  do  or  do  not  occur.  Furthermore,  as 
described  below,  certain  environmental  toxins 
that  in  thcmsches  do  not  cause  PTS  may  exac¬ 
erbate  noise-induced  loss. 

Interaction  of  Noise  and 
Environmental  Toxins 

Several  groups  ha\c  recently  examined 
the  possibility  that  environmental  toxins  may 
exacerbate  noise  induced  hearing  loss.  Carbon 
monoxide;  carbon  disulfide,  and  toluene  have 
each  been  examined  for  potential  interaction 
with  noise  and  the  experiments  will  be  re¬ 
newed  briefly.  Interestingly,  only  one  (tolu¬ 
ene)  of  the  three  compounds  is  known  to  be 
particularly  ototoxic  by  itself,  but  each  ap¬ 
pears  to  increase  noisc-imluccd  damage  to  the 
auditor}'  system 

Noise  and  Carbon  Monoxide 

Two  recent  studies  have  been  completed 
by  Fechtcr  and  colleagues  regarding  the  syner¬ 
gistic  effect  of  noise  and  carbon  monoxide  on 
hearing  and  cochlear  damage  (Young  ct  al, 
1987;  Fcchtcr  et  al,  1988).  They  used  reflex 
modulation  audiometry'  to  test  hearing  in  rats 
exposed  to  noise  (110  dBA,  120  minutes), 
carbon  monoxide  (1,200  ppm,  210  minutes), 
or  both  agents  In  the  interaction  condition, 
carbon  monoxide  exposure  began  before  the 
onset  of  the  noise. 

Control  animats  and  those  exposed  to  car¬ 
bon-monoxide  alone  had  -5  to  -15  dB  of 
PTS  at  10  and  40  kHz.  No  significant  hair  cell 
loss  was  found  in  these  animals.  Rats  exposed 


to  noise  alone  had  approximately  25  dB  of 
PTS  at  10  and  40  kHz  and  OHC  loss  confined 
to  the  extreme  basal  turn  of  the  cochlea.  Ani¬ 
mals  exposed  to  both  agents  had  approxi¬ 
mately  40  dB  of  PTS  at  10  kHz  and  60  dB  of 
PTS  at  40  kHz.  Animals  exposed  to  both 
agents  had  significant  PTS  across  the  range  of 
hearing  and  significant  hair  cell  loss  through¬ 
out  the  basal  half  of  the  cochlea  (Young  ct  al, 
1987;  Fcchtcr  ct  al,  1988).  The  authors  sug¬ 
gested  that  the  interaction  is  due  to  decreased 
oxygen  supply  to  the  cochlea,  considering 
that  Fcchtcr  et  al  (1987)  observed  that  co¬ 
chlear  vasculature  responds  to  high  carbon 
raonox'de  lex  els  by  increased  blood  flow*, 
compensating  for  the  decreased  oxygen  con¬ 
centration  in  the  blood.  However,  in  the  inter¬ 
action  condition,  the  vasculature  cannot  com¬ 
pensate  by  increasing  flow-  because  of  the  pu¬ 
tative  vasoconstriction  in  the  cochlea  that 
noise  produces. 

Noise  and  Carbon  Disulfide 

Carbon  disulfide  is  a  strong  lipid  sohent 
used  in  manufacture  of  synthetic  cloth  such  as 
rayon.  According  to  the  World  Health  Organi¬ 
zation  (1979),  carbon  disulfide  (CS2)  may  pro¬ 
duce  neurotoxicity  in  the  form  of  peripheral 
neuropathy,  psychological  disturbance,  or  vas¬ 
cular  pathology’.  The  ototoxicity  of  CS2  is  not 
known.  Morata  ( 1989)  examined  hearing  lev¬ 
els  of  workers  in  a  rayon  factory  in  BraziL  The 
noise  levels  in  the  factory  were  86  to  89  dBA 
and  the  ventilation  was  poor,  resulting  in  high 
air  concentration  of  CS2  (89.9  mg  per  cubic 
meter).  The  hearing  of  workers  in  the  factory’ 
was  compared  to  the  hearing  of  workers  from 
a  factory  that  had  similar  noise  Ie\cls  but  no 
CS2.  Approximately  60  percent  of  workers  ex¬ 
posed  to  both  agents  had  significant  hearing 
loss  (hearing  level  of  30  dB  or  higher  in  the 
better  ear  at  3,000  Hz  or  abo\c),  whereas  53 
percent  exposed  only  to  noise  had  significant 
loss.  Interestingly,  12.7  percent  of  the  work¬ 
ers  exposed  to  both  agents  had  “lex  cl  IV"  loss, 
which  signifies  a  hearing  level  greater  than  25 
dB  (average  of  500,  1,000,  and  2,000  Hz) 
with  no  response  at  4,000  Hz  and  greater. 
Only  3-5  percent  of  workers  exposed  to  noise 
alone  had  level  IV  loss.  To  summarize,  the 
data  of  Morata  suggest  a  possible  interaction 
between  noise  and  CS2  affecting  the  auditory 
system.  The  location  of  lesion  is  not  addressed 
directly  in  her  study,  and  further  examination 
of  the  question,  using  animal  studies,  is  war¬ 
ranted. 
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Noise  and  Organic  Solvents 

Organic  solvents,  such  as  toluene,  are 
used  in  industry  and  as  paint  thinners.  It  is 
known  that  inhalation  of  organic  sohents  may 
cause  neuropathology  in  the  form  of  paresthe¬ 
sia  and  tiypesthcsta  of  the  peripheral  nerves, 
and  that  excess  exposure  may  result  in  motor 
dysfunction  and  dementia  (Barregard  and  Ax- 
eIsson,„  1984).  Although  only  a  few*  reports 
have  been  presented,  it  appears  that  toluene 
may  also  damage  the  peripheral  auditor}*  sys¬ 
tem  of  young  mammals,  in  the  form  of  IHC 
and  OHC  loss  (Pryor  ct  a!;  1984). 

Barregard  and  Aicclsson  (1984)  presented 
ease  reports  of  audiologic  findings  from  ship 
painters,  who  arc  often  exposed  to  both  sol¬ 
vents  and  high  noise  levels  (from  spray  paint¬ 
ing  machines).  Each  subject  had  a  great  deal 
of  hearing  loss,  more  than  might  be  expected 
from  the  industrial  noise  to  which  they  were 
exposed,  but  it  is  not  possible  to  state  that  an 
interaction  of  noise  and  solvents  caused  the 
extreme  degree  of  loss  in  the  painters. 

Johnson  ct  al  (1988)  reported  on  a  series 
of  experiments  examining  the  interaction  of 
noise  and  toluene  on  the  auditory*  systems  of 
fats.  Rats  were  exposed  to  toluene  (1,000 
ppm,  16  hours  a  day,  5  days  a  week,  for  2 
weeks),  noise  (maximum  105  dB  SPL,  2-kHz 
band  sw  ept  from  3  to  30  kHz,  10  hours  a  day, 
7  days  a  week,  for  4  weeks,  50  percent  duty* 
cycle),  or  to  toluene  followed  by  noise.-Hcar- 
ing  was  monitored  with  far-field  evoked  po¬ 
tentials.  All  threshold  shifts  were  determined 
by  comparing  postexposurc  sensitivity*  with 
sensitivity*  in  unexposed  rats. 

Toluene  alone  resulted  in  as  much  as  30 
dB  of  TTS  and  10  dB  of  PTS,  primarily  at 
higher  frequencies;  12.5  kHz  was  the  most  af¬ 
fected  frequency*.  Animals  exposed  only  to 
noise  had  as  much  as  50  dB  of  TTS  at  12.5 
kHz;  PTS  measurements  were  not  made  for 
the  noise-alone  group.  Subjects  exposed  to 
both  toluene  and  noise  had  TTS  of  greater 
than  50  dB  (thresholds  were  outside  the  limits 
of  the  acoustic  system)  and  PTS  of  25  dB  at 
3.1 5  kHz  and  below  and  PIS  of  45  to  50  dB  at 
6  3  kHz  and  greater. 

Conclusion 

A  number  of  recent  studies  have  ex¬ 
panded  our  understanding  of  the  Interaction 
of  noise  and  other  agents.  Data  from  studies  of 
tlic  chinchilla  suggest  that  cisplatin  may  make 
the  ear  susceptible  to  noise-induced  hearing 


loss.  Recent  data  with  both  humans .  and  ani¬ 
mals  suggest  that  carbon  monoxide,  carbon  di¬ 
sulfide,  and  organic  solvents  may*  also  exacer¬ 
bate  the  damage  caused  by  excessive  noise  ex¬ 
posure  In  contrast,  data  suggest  that  salicylate 
docs  not. increase  the  auditory*  system’s  sus¬ 
ceptibility  to  noise.  Using  the  chinchilla,  it  was 
shown  that  animals  exposed  to  noise  and  sali¬ 
cylate  did  not  have  significantly  greater  TTS, 
PTS,  or  hair  cell  loss  than  animals  exposed  to 
noise. 

We  do  not  yet  completely  understand  the 
mechanisms  of  the  interaction  of  noise  with 
chemicals,  or  in  fact  ih%v mechanisms  of  the 
ototoxic  effects  of  mos:  of  the  chemicals  in 
question.  Subjectively,  it  appeals  that  a  syner¬ 
gistic  interaction  is  possible  if  exposure  to  the 
chemical  in  question  raa y  result  in  permanent 
damage  to  the  peripheral  ruditory*  system. 
This  holds  true  for  the  interaction  of  noise 
with  cisplatin,  aminoglycoside  antibiotics,  and 
toluene  and  for  the  lack  of  interaction  of  noise 
with  salicylate  and  loop-inhibiting  diuretics 
The  exception  to  the  observation  is  that  car¬ 
bon  monoxide  does  not  cause  damage  in  it¬ 
self,  but  may  increase  susceptibility  to  noise- 
induced  loss.  Thus,  there  appear  to  be  several 
major  issues, in  noisc-chcmical  synergism  that 
require  further  investigation.  First,  the  mecha¬ 
nisms  of  both  ototoxicity  and  noisc-chcmical 
interaction  need  to  be  addressed,  especially  at 
the  molecular  level.  In  addition,  it  is  likely  that 
there  arc  chemicals  that  may  increase  suscep¬ 
tibility  to  noise  that  have  not  yet  been  identi¬ 
fied, -such  as  trimethyltin  and  alpha-difluoro- 
mcthylomithinc. 


Interactions  entre  le  Bruit 
et  d’autres  Agents 
Ototraumatiques: 
Resultats  Recents 

Certains  agents  ototoxiques  tels  que  les 
aminoglycosides  accentucnt  les  effets  trauma- 
tisanis  du  bruit.  Rccemmcnt,  plusieurs  travaux 
oat  cte  entrepris  au  son  dc  noire  laboratoirc 
pour  ctudier  1'intcraction  d’une  part,  entre  le 
bruit  ct  le  cisplatine  ct  d’autre  part,  entre  le 
bruit  ct  les  salicylates.  Les  resultats  dc  ces 
Etudes  scront  analyses  ainsi  que  ccux  prove* 
nant  d’autres  laboratoires  ayant  £tudid  les  ef¬ 
fets  combines  du  bruit  ct  des  agents  industri¬ 
es  ou  environnementaux  tels  que  le  disulfurc 
de  carbone,  le  monoxide  de  carbone  ct  le  tol¬ 
uene. 
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CO-FACTORS  IN  DEVELOPMENT  AND  AGING 


Ic  cisphnnc  est  courammcnt  utilise 
commc  anti-raitotiquc  cn  dcpil  dc  scs  cffcts 
ototoxiqucs  scvcres.  Utilise  chez  dcs  patients 
vivant  souvent  cn  dehors  da  milieu  hospi¬ 
taller,  unc  interaction  possible  de  la  drogue 
avee  un  bruit  Industrie!,  ou  de  tout  autre  na¬ 
ture,  est  a  redoutcr.  Dans  le  but  d’etudicr  unc 
cvcntuelle  interaction  du  bruit  avee  le  ctspla- 
tinc,  une  dose  dc  dsplatinc  (2,75  mg/kg)  a  etc 
administrec  a  un  premier  groupe  de  chinchil¬ 
las,  trois  autres  groupes  ont  etc  exposes  a  un 
bruit  de  bande  centre  sur  500  Hz  d‘un  niveau 
sonorc  dc  70,  85  ct  100  dB  ct,  enfin,  trois 
groupes  ont  etc  soumis  simultanemcnt  aux 
deux  agents  pour  chaque  niveau  sonorc.  Le 
cisplatine,  scul,  n’a  pratiquement  pas  entrainc 
dc  peftes  ai'ditivcs  (PTS),  tandis  que 
Fexposition  a  100  dB  a  provoque  un  PTS 
d'une  amplitude  de  20-25  dB  dans  les  basses 
frequences.  Cependant,  Iorsque-les  animaux 
sont  exposes  simultanemcnt  aux  deux  agents, 
un  PTS  dune  amplitude  de  *15  dB  est  obtenu 
au  niveau  des  hautes  frequences.  La  combinai- 
son  dcs  deux  agents  est  apparuc  cfficacc  pour 
les  niveaux  sonores  dc  85  ct  100  dB  mais  pas 
pour  l’iniensitc  la  plus  faible. 

L’lnteraction  du  bruit  ct  dcs  salicylates  a 
deji  etc  ctudiec  chez  l’hommc  et  le  chinchilla. 
Les  resuitats  nc  sont  d’ailleurs  pas  unanimes. 
MeFadden  et  Plattsmicr  (Hear  Res  9295), 
Eddy  ct  coll.  (ISA  Trans  15,103)  ont  suggerc 
que  la  fatigue  auditive  causec  par  le  bruit  etait 
acccntuce  par  Fabsorption  de  salicylate,  tandis 
que  Woodford  ct  coll.  (Ann  Otol  87:117)  ont 
trouve  que  les  salicylates  n’augmcntaient  pas 
les  deficits  auditifs  causes  par  Ic  bruit.  Dans  le 
but  de  clarifier  ct  d’approfondir  la  comprehen¬ 
sion  des  mtfeanismes  r^gissant  les  cffcts  com¬ 
bines  du  bruit  ct  dcs  salicylates,  unc  dose  de 
salicylate  (300  mg/kg/jour/ 15  jours)  a^te  ad* 
ministric  3  un  premier  groupe  dc  chinchillas, 
deux  autres  groupes  ont  £tc  exposes  &  un 
bruit  dc  bande  centre  sur  500  Hz,  i  un  niveau 
de  80  dB  ou  105  dB  ct,  enfin,  deux  groupes 
ont  6t 6  soumis  simultanement  aux  deux 
agents  pour  chaque  niveau  sonorc.  Les  ani¬ 
maux  exposds  simultanemcnt  au  bruit  ct  aux 
salicylates  scmblcnt  souffrir  de  deficits  auditifs 
plus  importants  bien  que  la  difference  avee  les 
autres  groupes  nc  soil  pas  significative.  De 
plus,  les  animaux  exposes  h  la  fois  aux  salicy¬ 
lates  ct  au  bruit  n’ont  pas  morn  re  d’impor* 
tames  differences  quant  aux  pertes  des  cel¬ 
lules  cilides  extemes  par  rapport  aux  animaux 
exposes  uniquement  au  bruit, 
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The  overall  patterns  of  functional  and  mor¬ 
phologic  cochlear  impairments  after  exposure 
to  high  levels  of  white  noise  or  after  massive 
aminoglycoside  antibiotic  Treatment  arc  simi¬ 
lar  In  both  eases  one  usually  observes  an  ele¬ 
vation  of  thresholds  for  high  frequencies  cor¬ 
related  with  hair  cell  destruction  at  the  base 
of  the  cochlea,  particularly  the  outer  hair 
cells.* 

After  combined  noise  and  aminoglycoside 
treatments,  the  damage  is  more  extensive  than 
after  each  treatment  applied  alone,  but  the 
pattern  of  damage  is  still  the  same.  Thus,  it  is 
difficult  to  determine  which  is  potentiating 
the  other  It  could  be  that  the  aminoglycoside 
treatment  increases  the  damaging  effects  of 
noise,  for  instance,  by  making  the  cells  meta- 
bolically  fragile,  or  vice  versa. 

However,  the  pattern  of  damage,  typical 
also  with  other  causes  of  cochlear  impair¬ 
ments  such  as  in  aging,  is  correlated  with  the 
pattern  of  mechanical  excitation  of  the  basilar 


•Only  slightly  noticeable  specific  differences  have  been 
reported  so  far  in  cochlear  damage  following  noise 
trauma  and  aminogl)  coside  ototoxicity.  In  acoustic 
trauma  the  first  row  of  outer  hair  cells  is  usually  af¬ 
fected  first,  as  with  aminogl) cosidcs,  although  different 
patterns  hav<-  been  reported  (Hawkins  ct  al,  1967).  Af¬ 
ter  aminogi?cosldc  treatment  inner  hair  cell  loss,  with 
preserved  outer  hair  cells,  may  occur  at  the  apex  of  the 
cochlea,  together  with  outer  hair  cell  destruction  at 
the  base.  This  latter  condition  has  been  used  to  study 
the  function  of  outer  hair  cells  in  the  absence  of  inner 
hair  cells  (Dallos  et  al,  1972). 


membrane  by  noise.  Moreover,  in  the  syner¬ 
gistic  experiments,  damage  occurs  when  the 
noise  levels  arc  close  to  their  traumatic  level 
(greater  than  100  dB  SP1.)  (Marques,  ct  al, 
1975),  whereas  the  drug  dosages  may  be  be¬ 
low  the  ototoxic  levels.  When  the  noise  level 
is  lower,  as  in  incubators  for  premature  new¬ 
borns,  absence  of  increased  risk  of  ototoxicity 
of  aminoglycosides  has  been  claimed  (Bernard 
and  Pechcre,  1984).  In  these  conditions,  it  has 
been  proposed  that  the  drug  enhances  the 
hearing  loss  and  cochlear  damage  caused  by 
the  noise  (Boettcher  ct  al,  1987),  This  is  sup¬ 
ported  by  the  observation  that  even  with  the 
use  of ’■safe*’  (low)  doses  of  aminogl)  cosides, 
the  potentiation  of  noise  damage  occurs  and 
may  last  more  than  20  days  after  cessation  of 
the  drug  treatment  (Gannon  et  al,  1979). 

Conversely,  it  has  been  reported  on  sev¬ 
eral  occasions  that  when  the  noise  exposure 
precedes  the  drug  treatment,  the  damage  is 
larger  than  when  both  treatments  are  pre¬ 
sented  in  an  opposite  sequence  (Darrouzet 
and  Dc  Lima,  1962;  Ryan  and  Bone,  1982;  Col¬ 
lins,  1988),  suggesting  that  the  damage  is  due 
to  the  toxic  action  of  the  drug,  potentiated  by 
the  sound  pre-exposure.  Thus,  at  present, 
there  is  no  clear  description  or  understanding 
of  the  synergistic  effects  between  noise  and 
aminoglycosides. 

Although  the  mechanisms  of  acoustic  im 
pairment  to  the  cochlea  arc  well  understood, 
ranging  from  direct  mechanical  injury  of  hair 
cells  with  very  high-intensity  sounds  to  meta- 
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bolic  exhaustion  during  long-lasting  noises  of 
lower  Ic\els,  such  as  ambient  industrial  noises, 
the  mechanisms  of  aminoglycoside  ototoxicity' 
arc  still  not  clear. 

Other  ototoxic  agents  also  work  synergis- 
tically  with  noise,  ammoglycosidcs,  or  both 
(Boettcher  et  al,  1987,  Humes,  1984;  Rybak, 
1986).  The  case  of  loop  diuretics  is  of  particu¬ 
lar  interest.  Loop  diuretics  such  as  ethacrynic 
acid  or  furosemide,  when  administered  alone, 
induce  profound  but  totally  reversible  func¬ 
tional  losses  due  to  temporary  interference 
with  ionic  transport  by  the  stria  vascularis. 
However,  when  they  are  administered  in  asso¬ 
ciation  with  aminoglycoside  antibiotics,  a 
rapid  and  permanent  loss  of  function  and  of 
sensory'  cells  occurs  (West  et  al,  1973),  but 
there  is  no  synergistic  effect  between  noise 
and  loop  diuretics  (Vernon  et  al,  1977,  Kisic! 
and  Bobbin,  1982). 

However,  when  the  three' agents  (noise, 
diuretic,  and  aminoglycoside  antibiotic)  arc 
used  in  combination,  great  synergistic  interac¬ 
tions  occur,  as  we  have  recently  observed 
(Hayashida  et  al,  1989;  Aran,  1990).  In  panic* 
ular,  the  losses  usually  observed  after  treat* 
ment  with  ethacrynic  add  and  gentamicin 
when  the  animals  are  kept  in  a  normal  (labora¬ 
tory'  or  animal’s  quarters)  sound  environment, 
do  not  develop  or  arc, delayed  when  the  ani¬ 
mals  arc  kept  isolat.u  from  sound,  in  a  sound¬ 
proof  room  (Hayashida  et  al,  1989).  These  re¬ 
sults  demonstrate  the  effect  of  noise,  but  in 
the  normal,  functional,  physiologic  range  of 
the  cochlea,  rather  than  in  the  damaging  range 
of  sound  levels. 

Wc  will  describe  experiments' using  dif¬ 
ferent  combination  treatments  in  which  we 
studied  the  relations  between  functional  or 
morphologic  cochlear  changes  and  the  dy¬ 
namics  of  aminoglycoside  uptake  by  the  hair 
cells.  The  results  obtained  tend  to  reveal  the 
respective  role  of  each  treatment,  particularly 
that  of  noise,  in  the  development  of  the  path¬ 
ologic  processes. 

Experiment  I 

Guinea  pigs  equipped  with  indwelling 
electrodes  on  the  round  window  of  one  car 
and  on  the  skull  were  treated  with  one  intra¬ 
muscular  (!M)  injection  of  gentamicin  (GM) 
(150  mg  per  kilogram),  followed  1,5  hours 
later  by  an  intracardiac  (IC)  injection  of 
ethacrynic  acid  (EA)  (30  mg  per  kilogram) 
The  cochlear  function  was  measured  at  the 
beginning  and  at  the  end  of  the  experiment  by 
the  determination  of  the  thresholds  of  the  au¬ 


ditory  nerve  compound  action  potential 
(CAP)  evoked  by  tone  pips  (2  ms  rise/decay 
times,  no  plateau)  of  different  frequencies.  It 
was  also  regularly  monitored  every'  2  or  5 
minutes  during  the  hour  following  the  EA  in¬ 
jection  by  recording  the  CAP  in  response  to  a 
train  of  256  clicks  (70  dB  peak  equivalent 
sound  pressure  level  [pesplj  10  per  second). 

In  every  case  we  observed,  during  the 
first  hour,  a  rapid  decrease  of  the  amplitude  of 
the  CAP  followed  by  a  progressive  recovery. 
But  when  the  animals  were  kept  thereafter  in 
the  soundproof  room,  without  any  acoustic 
stimulation,  the  recovery'  was  complete  after 
24  hours,  ie.,  the  thresholds  were  normal 
(Fig.  16*1,  C)  However,  if  the  animals  were 
placed  in  the  animal  quarters,  with  an  ambient 
sound  level  with  peaks  at  about  60  dB  SPL, 
then  the  recovery'  was  not  complete  and  there 
was,  at  24  hours,  a  definite  high  frequency 
threshold  elevation  (Fig,  16-1,  A).  After  48 
hours  in  silence,  some  guinea  pigs  showed  a 
profound  loss,  whereas  others  still  displayed 
normal  CAP  audiograms  (Fig.  16*1,  D).  By 
contrast,  all  animals  maintained  in  ambient 
sound  had  profound  losses  at  all  frequencies 
(Fig  16*1,  B). 

The  uptake  of  GM  was  studied  using  auto¬ 
radiography  or  immunohistochemistry  (Ha 
yashida  et  al,  1989).  The  main  observations 
were  ( 1 )  GM  is  specifically,  and  exclusively, 
labeled  in  the  hair  cells  of  the  cochlea,  with 
inner  to  outer  hair  cells  and  apex  to  base  gra¬ 
dients  (Fig,  16-2);  (2)  GM  is  preferentially  lo¬ 
calized  at  the  apex  of  the  hair  cells,  below  the 
cuticular  plate,  In  the  area  of  dense  lysosome 
accumulation,  around  the  basal  body,  the  hair 
bundle  (Fig.  16-3),  and  on  the  nucleus  (Hid 
et  al,  in  preparation);  (3)  GM  is  clearly  identi¬ 
fied  within  numerous  hair  cells  in  cochleas  of 
guinea  pigs  that  did  not  show,  at  time  of  sacri¬ 
fice,  any  threshold  elevation,  particularly  those 
kept  in  silence  and  sacrificed  at  24  hours. 
However,  although  it  was  impossible  to  pre¬ 
cisely  quantify  the  amount  of  GM  taken  up  by 
the  hair  cells,  GM  labeling  was  apparently 
more  pronounced  in  the  guinea  pigs  exposed 
to  sound  than  in  those  kept  in  silence. 

The  results  of  this  first  series  of  experi¬ 
ments  confirm  the  potentiation  of  aminoglyco¬ 
side  ototoxicity  by  loop  diuretics.  But  they  in¬ 
dicate  additionally  (1)  GM  specifically  pene¬ 
trates  into  hair  cells,  (2)  normal  acoustic  stim¬ 
ulation  (functional  depolarization)  is  essential 
Tor  GM  uptake  and  toxicity — in  other  words, 
silence  could  prevent  the  development  of  oto¬ 
toxicity,  (3)  the  patterns  of  GM  uptake  and  of 
functional  loss  parallel  that  of  sound  activation 
in  the  cochlea,  (4)  GM  uptake  by  the  hair 
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Figure  16-1  Comjurisoa  of  compound  action  potential  (CAP)  frequency  threshold  curve*  between  two  groups  of 
guinea  pigs  (GPs)  having  received  one  IM  injection  of  gentamicin  (GM)  ( 150  mg  per  kilogram)  followed,  1.5  hours 
later,  by  an  IC  injection  oY  eihacrynic  acid  (EA)  (30  mg  per  kilogram).  Group  I  was  exposed  to  sound  (A.B)  and 
group  II  was  isolated  from  sound  (C,D).  Means  and  standard  deviations  arc  represented  for  GPs  before  EA  injection 
and  3  and  24  hours  after  Injection,  just  before  sacrifice  (A,C)  Numbers  of  GPs  are  in  parentheses.  For  GPs  sacrificed 
at  48  hours,  there  is  great  variability  in  the  results  so  that  individual  curves  arc  presented  separately  (B,D).  (From 
Hayashlda  T,  Hid  II,  Dulon  D,  Erre  J  P,  Guilhaumc  A.  Aran  JM.  Dynamic  changes  following  combined  treatment 
with  gentamicin  and  ethacrynic  acid  with  and  without  acoustic  stimulation.  Acta  Otolaryngol  (Stockh)  1989, 
1 08:40  Ml  3.) 


cells  precedes  the  development  of  ototoxicity, 
and  thus  (5)  toxicity  is  an  intracellular  pro¬ 
cess  th*at  could  be  also  potentiated  by  sound. 

Experiment  2 

To  separate  out  the  role  of  EA  from  that 
of  GM,  we  have  studied  the  relation  between 
uptake  and  functional  and  morphologic  im¬ 
pairments  in  the  course  of  a  chronic  treatment 
with  GM  alone  (60  mg  per  kilogram  per  day 
LM).  In  such  a  chronic  treatment  with  amino¬ 
glycosides  alone,  it  is  well  known  that  ototox¬ 
icity  develops  only  after  several  days  of  treat¬ 
ment  (Aran  and  Darrouzet,  1975).  Here 
threshold  elevations  did  not  occur  before 
about  the  tenth  day  of  treatmen*.  However, 


we  were  able  to  identify,  immunohistologl- 
cally,  GM  in  hair  cells  as  soon  as  2  days  after 
the  beginning  of  the  treatment — that  is,  in  co- 
chlcas  with  normal  threshold  curves,  8  days 
before  the  development  of  functional  changes 
(Hid  et  al,  in  preparation).  Moreover,  the  pat¬ 
tern  of  GM  uptake  along  the  cochlea  after 
such  a  chronic  treatment  also  parallels  that  of 
the  functional  changes  across  frequency. 

The  results  from  this  experiment  arc  sim¬ 
ilar  to  those  obtained  after  the  acute  GM/EA 
treatment;  in  particular,  they  confirm  that  GM 
uptake  precedes  the  development  of  ototoxic¬ 
ity.  Thus,  they  indicate  also  that  the  changes 
seen  after  GM/EA  treatment  are  associated 
with  GM  Joxlcity  and  that  potentiation  by  EA 
can  be  a  convenient  tool  for  the  study  of  ami¬ 
noglycoside  ototoxicity. 
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figure  1 6-2  Autoradiograph}  of  sections  of  the  four  turns  (T1  through  T4)  of  a  puna  pig  having  retthtd  the 
genUmiern'ethaerynx:  acid  (GUTA)  treatment,  kept  in  normal  sound  environment  and  sacrificed  hoars  after  (be 
EA  injection.  Two  milligrams  of  I’llJGM  (Amersbam.  1  oO  per  oOfignm)  were  added  to  the  dose  of  GM.  (From 
llayashxla  T,  Hid  II,  Dukxi  D.  Erie  J  P.  GuiSiaxunc  A.  Aran  J-M  Dj-namic  changes  folkmmg  combined  treat  rami 
with  gentamicin  and  ethaentuc  acid  mih  and  without  acoustic  stimuLaion.  Acu  Oiolarvngol  (Stocih)  19S9. 
!08-40(-ll3.) 


Figure  l6-3  Transmission  electron  microscopic  new 
of  a  labeled  autoradiographic  section  of  the  apical  part 
of  an  outer  hair  cell  of  the  second  turn  of  the  same 
guinea  pig  as  seen  in  Figure  16-2. 
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Experiment  3 

To  analyze  the  role  of  sound  activation  in 
CM  uptake  and  toxicity,  we  first  studied  its 
role  after  the  GM/EA  treatment.  The  expert- 
mem  was  the  same  as  experiment  I,  with  the 
guinea  pigs  receiving  the  same  GM/EA  treat¬ 
ment,  except  that  their  function  was  moni¬ 
tored  not  only  during  the  first  hour,  but  also 
every  minute  thereafter  during  the  following 
hour.  Afterward,  the  guinea  pigs  were  simi¬ 
larly  kept  in  the  soundproof  room.  In  this  con¬ 
dition,  the  changes  in  the  CAP  response  ap¬ 
peared  drastically  different.  Although  the  re¬ 
sponse  to  the  click  did  continue  to  recover 
during  the  second  hour  of  sound  stimulation, 
bier  on,  while  the  guinea  pigs  were  again  in 
silence,  it  started  to  decrease  and,  at  2  1  hours, 
it  had  completely  vanished  (Fig.  164)  and  the 
thresholds  were  profoundly  elevated. 

These  observations  arc  significant.  They 
confirm  the  potentiation  of  the  toxicity  of 
GM/EA  treatment  by  acoustic  stimulation. 


They  indicate  also  that  this  potentiation  docs 
not  occur  at  the  peak  of  the  EA  effect,  when 
the  cochlea  is  completely  deprived  of  activity, 
but  rather  when  this  activity  recovers.  The  de¬ 
lay  between  the  sound  activation  and  the  de¬ 
velopment  of  the  functional  losses  suggests 
that  these  alterations  are  not  directly  due  to 
the  noise.  If  that  was  the  case,  they  would  de¬ 
velop  instantly,  as  they  do  during  acoustic 
trauma.  VTc  know  that  EA  facilitates  entry  of 
G.'l  into  endolymph  (Tran  Ba  Huy  ct  a] 
1983),  and  it  is  likely  that,  in  turn,  sound  acti¬ 
vation  facilitates  its  entty  from  cndolympn 
into  the  hair  cells.  The  intracellular  toxicity 
would  then  develop  without  the  participation 
of  sound,  because  by  that  time  the  animals  are 
isolated  from  sound. 

Experiment  4 

In  a  fourth  experiment,  we  tried  to  deter¬ 
mine  whether  silence  would  also  prevent  the 
development  of  ototoxicity  during  a  chronic 
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treatacct  with  GM  dcoc  Because  it  is  <£S- 
cub  to  eiMSSxa  the  ■zxzsis-  kx  a  sclent  can- 
romeg  daring  a  loeg  period  txaa^c  of  sd£ 
generated  oocse.  they  awe  kept  in  the  xa- 
tnaTs  quarters,  bm  one  was  protected  from 
anixera  soc»d  bv  sorpcalhr  tbc  in- 

codosapc&A  joe st.  therein-  indexing  a  mean 
3<WB  conductive  loss.  In  doing  so.  w  also 
pr orided  each  222222!  with  its  own  control 
ear.  iios'oer.^cr2I  dmoHM  injection  of 
GM  (60  mg  per  kxJogncn  per  dn)  and  1 
oocuh  of  delay  bctftttfl  the  end  of  the  treat¬ 
ment  and  sacrifice,  we  did  not  notice  am*  sig- 
n&cant  difference  in  bar  ceil  loss  between 
the  protected  and  unpnxtctcd  ears. 

These  observations  thus  tel  to  show  am- 
difference  between  a  sound-activated  and  a 
sound-preceded  car  with  resped  to  aminogjv- 
coside-induccd  ototoxicity  as  in  the  case  of 
acute  GM'EA  treatment.  Thus,  it  could  be  pos¬ 
sible  that  the  effect  of  noise  on  GM  ototoxic¬ 
ity  is  also  potentiated  by  E\.  However,  it  is 
well  documented  that  diuretics  do  not  poten¬ 
tiate  the  damaging  effects  of  noise  (Vernon  ct 
at  1977).  whereas  the  interaction  of  noise  and 
aminoglycosides  is  well  established  (Dar- 
reuzet  and  De  Lima.  1962;  Marques  ct  ah 
1975).  Moreover,  all  the  other  observations 
about  GM  and  noise  interactions  with  or  with¬ 
out  EA  tend  to  indicate  that  the  synergistic 
mechanisms  arc  the  same 

These  negative  results  during  chronic 
treatment  with  GM  could  be  related  to  the 
fid  that  only  one  car  was  (partially)  sound 
protected  Another  side  effed  of  aminoglyco¬ 
side  antibiotics  is  their  neuromuscular  block¬ 
ing  potency  (Parade!  is  ct  ah  1980).  We  have 
observed  that  aminogl)Cosidcs  do  not.  over 
the  short  term,  penetrate  the  hair  cells  in 
vitro,  but  that  they  concentrate  at  the  basal 
end.  in  the  synaptic  efferent  area,  which  is 
most  probably  cholinergic,  and  that  they 
block  the  calcium  channels  (Dulon  ct  ai. 

1989) .  Thus,  it  is  possible  that  the  aminogly¬ 
coside  action  at  the  synaptic  area  modifies  the 
function  of  the  hair  cell,  and  thus  indirectly, 
its  penetration  mechanisms.  This  synaptic  area 
is  normally  activated  during  excitation  of  the 
efferent  system,  which  occurs  bilaterally  after 
afferent  sensory  excitation.  In  our  chronic  ex¬ 
periment  in  which  one  car  was  unprotected, 
the  efferent  system  was  activated  and  could 
exert  its  influence  cn  the  two  cars.  However, 
there  does  not  seem  to  be  a  correlation  be¬ 
tween  the  degree  of  ototoxicity  and  of  neuro¬ 
muscular  blockade  potency  of  the  different 
aminoglycosides  (Rutten  ct  al,  1980,  Aran, 

1990) . 


Conclusion 

In  our  GM'EA  conditions,  it  is  Eddy  that 
(1)E\  briEtaes  entry  of  GM  into  caddyasph 
(Tran  Ba  Hay  dal.  1985):  (2)  sound,  2nd  pos¬ 
sibly  EA.  fzchitrre,  in  turn,  entry  of  GM  bom 
endofymph  into  the  hzir  ce£s;  2nd  (3)  GM  ac¬ 
cumulates  inside  the  hair  ceils  until  its  coo- 
centratioa  reaches  a  toxic  level  These  two 
steps  should  also  occur  during  the  chronic 
treatment  with  GM  2nd  sound  stimulation 
aJooe,  but  with  a  much  stower  pace.  following 
the  kinetics  of  GM  in  the  inner  car  feuds  and 
tissues.  However,  evidence  of  sound  interac¬ 
tion  with  aminoglycosides  has  been  presented 
only  for  high  sound  levels. 

These  results  2nd  interpretations  appar¬ 
ently  contradict  the  observation  by  Hudspeth 
that  dibydrostrcptomycin  applied  to  bullfrog 
isolated  saccular  hair  cells  in  vitro  blocks  the 
transduction  channels  (Hudspeth  2nd  Kroese. 
1983;  Howard  d  ah  I988X  whereas  we  ob¬ 
serve  that  functional  changes  occur  only  after 
the  aminoglycoside  has  penetrated  the  hair 
cells.  How  cv  cr.  it  is  possible  that  such  a  block¬ 
ade  of  the  transduction  channels,  which  is  rap¬ 
idly  reversible,  remained  undetected  in  our 
global  physiologic  measurement,  and  that  it 
could  be  a  step  towards  the  penetration  of  the 
molecule  into  the  cell  Thus,  the  adivation  of 
the  transduction  channels  by  sound  may  effec¬ 
tively  facilitate  the  entry  of  the  aminoglyco¬ 
side  molecule  into  the  cell 

Bruits  Antibiotiques 
Aminoglycosidiquss  et 
Diuretiques 

la  synergic  enire  bruit  ct  antibiotiques 
aminogl)  cosidiques  a  etc  dccouvcrtc  ires  tot, 
mats  contestcc  ct  insufftsamment  cxplorce. 
Comme  Ics  deux  agressions  affect  cm  princi¬ 
pal cm  ent  les  cellules  cilices  extern cs  de  la 
base  de  la  cochlcc,  il  est  encore  difficile  de 
d£finir  prcciscmcnt  !c  role  de  chacun  de  ces 
agents. 

Les  quclqucs  observations  diniques  et  ex¬ 
perimental  disponibles  spccifiqucmcnt  sur 
les  interactions  bmit/aminoglycosidcs  sont 
lout  d’abord  analysed,  puis  comparccs  a 
cclies  obtcnucs  a  propos  d’auircs  synergies, 
tcllcsjquc  les  energies  diuretiques 'aminogly¬ 
cosides,  ct  ccllcs  olvscrvecs  plus  rccemmcnt 
sur  Ic  plan  experimental  entre  les  trois  agents, 
bruit,  diuretiques  ct  aminoglycosides. 
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COfACTTOZS  IN  DEVELOPMENT  AND  AGING 


Lcs  cocsbcm$OQ$  bn&^zsKnq^toMks 
sod  Unique s  pnsqoicncnt  quod  lcs  deux 
agenis  soot  adnuasstres  dncun  a  dcs  doses 
prodxs  du  rovcoa  tresaaique  cm  toxique. 
Pit  coorre  frssocmioa  djtrrct^ue'aaunogJy- 
coside  (dans  005  experiences:  addc  ethaerv- 
tuque  ct  gcnumicinc)  pent  cite  ires  toxique. 
sir  ks  ptms  foocttocods  et  morphologiqucs, 
2Jors  que  chaque  tnstcmeox  cst,  inditidueDe- 
nx-nt,  parfriicmcni  non  toxique.  A  cetie  oeca- 
sk»a  nous  avons  observe  que  ces  effcts  tox- 
iques  potnaknt  ctrc  retarded  voire  ahnules. 
lorsquc  ks  animmx  asmi  trzxtcs  etaient  gardes 
dans  Ic  sdencc:  Nous  demontrions  ainsi  qu'un. 
environnement  sonorc  normal  pouvait  ctrc  tin 
fact  cur  additkxind  dans  fctablissmcnt  dcs  le¬ 
sions.  Dc  plus  nous  avons  pu  demontrer  simul- 
tancmcnt  que,  cn  presence  d'acidc  cthacry- 
nique,  la  penetration  de  la  gen tami cine  sped- 
fiquement  dans  lcs  cellules  cilices,  ct  vnusem- 
bbblcracnt  aussi  lcs  raccanismcs  cytotoxiqucs 
intraccllulaircs,  etaient  potcntialiscs  par  un  cn- 
vironnemem  acoustiquc  normal 

lrn  certain  nombre  dc  considerations  sug* 
gcrent  que  e’est  l’acide  ethiexynique  qui  po¬ 
tential isc  la  toxia'te  de  la  geniamicine,  en  fa- 
cilitant  sa  penetration  dans  l'endolymphe,  sa 
clearance  ctant  ensuite  tres  feme.  Dans  dcs 
experiences  rcccntes  nous  montrons  que  Ic 
delai  entre  Ic  traitement  gentamicinc/acidc 
ethacrynique  ct  Imposition  au  bruit  cst  deter¬ 
minant  dans  let  endue  ct  la  cinetiquc  dcs  mod¬ 
ifications  fonctionncllcs  et  morphologiqucs.  II 
cst  done  vraiscmblable  que  la  stimulation 
acoustique  potential  isc  reflet  dc  Tacidc 
ethaervnique  vis-a-vis  dc  la  penetration  ct  dc 
la  toxicitc  dc  Famibioiiquc: 

La  protection  contre  Ies  traumatismes 
acoustiques  cst  deja  recommandec  lors  d'un 
traitement  cliniquc  par  aminoglycosides.  Nos 
experiences  suggerent  qu’unc  protection 
mcmc  enters  lcs  sons  dc  la  vie  courantc  pour* 
nut  ctrc  necessairc.  Cependant  d'autres  expe- 
n cnees  sent  encore  ncccssaircs  avant  qu  une 
telle  recommandation  puissc  ctrc  faitc. 
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CHAPTER  17 


Sensitive  Developmental  Period 
and  Acoustic  Trauma: 

Facts  and  Hypotheses 

REMY  PliJOL 


Sensitive  periods  have  been  identified  in  the 
dev  eloping  mammalian  cochlea  (Uziel,  1985, 
Pujol  and  Uziel,  1988).  The)*  can  be  described 
as  developmental  periods  during  which  an  epi¬ 
genetic  factor  has  a  damaging  effect,  or  an  in¬ 
creased  damaging  effect  on  cochlear  struc¬ 
tures  and  function.  Reasonably  well-defined 
sensitive  periods  exist  for  thyroid  deprivation 
(Uziel.  1986)  and  aminoglycoside  antibiotics 
(Pujol,  1986).  Similarly,  a  sensitive  period  for 
acoustic  trauma  has  been  reported.  During 
this  period,  juvenile  animals  show  an  en¬ 
hanced  susceptibility  to  noise  exposure:  ic., 
both  tempo  ran’  threshold  shifts  (TTS)  (Bock 
and  Sciftcr,  1978)  and'or  permanent  threshold 
shifts  (PTS)  (Bock  and  Saunders,  1977)  were 
first  reported  in  the  hamster  cochlea  after  a 
noise  exposure  that  was  nontraumatic  for  an 
adult  of  the  same  species. 

Tills  article  will  not  review  the  experi¬ 
mental  data,  as  little  has  been  added  to  the  lit¬ 
erature  since  the  previous  report  (Lenoir  ct  al, 
1986).  However,  the  main  results  will  be 
briefly  summarized  and  two  major  questions 
that  were  raised  at  that  time  will  be  discussed 
further.  The  first  question  concerned  the  ana¬ 
tomic  correlates  that  could  account  for  the 
sensitiv'e  period  to  noise  trauma.  Some  of  the 
most  recent  findings  in  cochlear  physiology 
(eg,  active  mechanisms  and  neurochenustry) 
must  presently  be  considered  to  complement 
the  hypotheses  already  proposed.  We  will  par¬ 
ticularly  discuss.  ( 1 )  a  possible  immaturity  of 
the  inner  hair  cell  auditor)*  nerve  synapse,  re¬ 
sulting  in  an  increased  cxcitotoxicity  to  amino 
acids,  (2)  the  fragility  of  the  incompletely  de¬ 
veloped  outer  hair  cell  active  mechanism,  and 
(3)  the  weaker  protective  effect  of  efferents  at 
the  end  of  the  developmental  period  as  corn- 
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pared  with  adulthood.  The  second  question 
concerns  the  existence  of  a  sensitive  period  in 
human  babies.  Because  of  the  great  similarities 
in  cochlear  structure  and  development  among 
most  mammalian  species,  including  humans,  it 
is  highly  probable  that  a  sensitive  period  for 
acoustic  trauma  exists  during  the  last  trimes¬ 
ter  of  pregnane)*,  or  in  premature  babies. 
Some  recent  data  supporting  this  assumption 
will  be  presented. 

Sensitive  Period  for 
Noise-Induced  Damage: 
Experimental  Data 

Experimentally,  the  first  suggestion  that 
developmental  factors  needed  to  be  consid¬ 
ered  in  evaluating  the  effect  of  noise  on  the 
auditor)*  system  came  from  studies  on  the 
phenomenon  of  priming  Tor  audiogenic  sei¬ 
zures  (eg,  Henry  and  Bowman,  1970,  Saun¬ 
ders  et  al,  1972).  These  studies  cleariy  demon 
stratc  “that  an  elevated  absolute  threshold  per 
sc  is  not  sufficient  to  induce  seizure  suscepti¬ 
bility,  but  that  a  prolonged  reduction  of  input 
during  a  sensitive  period  might  be  a  better  ex¬ 
planation"  (Willott  and  Henry,  1971). 

An  age  dependent  susceptibility  of  the  co¬ 
chlear  structures  to  acoustic  trauma  was  first 
observed  in  guinea  pigs  (Falk  et  al,  1971).  Ex¬ 
posure  to  traumatic  noise,  when  presented 
during  the  first  week  after  birth,  resulted  in 
more  severe  cochlear  lesions  than  when  pre¬ 
sented  to  adult  guinea  pigs.  Similar  findings 
were  then  reported  by  others,  using  different 
types  of  noise  exposure  or  different  measure- 
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mcnls  (physiologic  versus  anatomic)  of  the 
traumatic  effect  (Lenoir  ct  al.  1986). 

Konoer,  the  first  clear  demonstration 
that  an  enhanced  period  of  susceptibility  to 
acoustic  trauma  exists  in  the  mammalian  co¬ 
chlea  was  from  observations  on  young  ham¬ 
sters  (Bock  and  Saunders,  1977;  Stanek  ct  al, 
197*7;  Bock  and  Seifter,  1978).  In  this  animal, 
which  exhibits  a  delayed  cochlear  maturation 
as  compared  to  most  of  the  other  experimen¬ 
tal  models,  the  following  conclusions  w’cre 
reached: 

1.  Young  hamsters  pass  through  a  devel¬ 
opmental  stage  during  which  the)* 
show*  a  heightened  susceptibility  to 
acoustic  trauma. 

2.  Increased  susceptibility  to  acoustic 
trauma  is  evident  using  both  the  PTS 
or  TTS  criteria. 

3.  The  sensitive  period  appears  to  depend 
on  developmental  changes  within  the 
cochlea,  not  in  the  middle  ear. 

4.  The  developmental  changes  remain  un¬ 
identified,  but  occur  after  the  comple¬ 
tion  of  the  apparent  structural  and 
functional  maturation  of  the  cochlea. 

Experiments  performed  with  rats  further 
confirm  the  above  conclusions  (Lenoir  et  al, 
1979).  A  sensitive  period  to  noise  exposure 
existed  in  the  rat  pup  between  day  16  and  day 
40  of  postnatal  age.  From  anatomic  and  physi¬ 
ologic  data  showing  that  the  rat  cochlea 
reaches  its  adult-like  properties  at  the  end  of 
the  third  week,  it  was  concluded  that  the  in¬ 
creased  susceptibility  appeared  at  die  end  of 
cochlear  maturation.  The  peak  of  sensitivity, 
i  c.,  the  time  when  the  noise  exposure  causes 
the  maximum  PTS,  occurred  at  day  22  when 
the  rat  cochlea  is  considered  to  be  fully  ma¬ 
ture,  Moreover,  the  sensitive  period  extends 
for  approximately  1  month  after  the  apparent 
completion  of  cochlear  maturation.  In  order 
to  determine  the  nature  of  the  cochlear  dam¬ 
age  responsible  for  the  PTS,  a  histologic  study 
(surface  preparation  visual izcd  with  transmis¬ 
sion  electron  microscopy)  was  done  on  the 
same  animals  (Lenoir  and  Pujol,  1980).  Al¬ 
though  not  obviously  conclusive,  the  results 
indicated  that  different  metabolic  impairments 
in  different  cochlear  structures  may  account 
for  the  traumatic  processes.  Interestingly, 
these  impairments  were  first  noted  not  only 
on  the  hair  cells  (especially  outer),  but  also 
on  the  nerve  endings  (especially  the  efferents 
to  the  outer  hair  cells), 

A  scries  of  experiments  was  completed 
recently  on  several  strains  of  mice  (Henry, 
1984a,b).  Tlic  results  largely  agree  with  what 
has  been  found  in  other  species.  A  sensitive 


period  for  acoustic  trauma  was  found  in  both 
the  CBA  and  C57BL/6  mice  during  the  second' 
month  of  life  (Henry,  1984b),  while  their  co¬ 
chlea  are  bePeved  to  be  mature  by  the  end  of 
the  first  month  (Shnerson  and  Pujol,  1983). 
However,  in  the  CBA  mouse,  it  appears  that 
this  increased  susceptibility  docs  not  involve 
the  whole  cochlea.  The- high-frequency  por¬ 
tion  of  the  organ  of  Coni  seems  to  be  equally 
sensitive  throughout  the  mouse’s  lifespan 
(Henry,  1984a). 

Anatomic  Correlates  of  the 
Sensitive  Period 

From  the  above  reported  experimental 
data,  the  most  surprising  and  general  finding  is 
that  it*  •  not  possible  to  closely  correlate  the 
period  of  sensitivity  to  acoustic  trauma  with  a 
specific  maturational  event  in  the  cochlea.  Co¬ 
chlear  structures  and  functions  appear  fully 
developed  when  the  sensitive  period  is  at  its 
peak.  Thus,  authors  refer  to  “an  unidentified 
and  late  developmental  change"  (Bock  and 
Saunders,  1977),  or  to  “a  metabolic  stabiliza¬ 
tion  period  that  would  follow'  the  structural 
maturation"  (Lenoir  et  al,  1979)-  Our  concept 
of  cochlear  physiology  has  drastically  changed 
within  the  last  decade  (Santos-Sacchi,  1988, 
Pujol,  1989).  therefore,  new  hypotheses  can 
now*  be  developed-  We  will  review  only  three 
of  them  involving  the  sy  napses  between  inner 
hair  cells  (IHCs)  and  the  auditory  nerve,  the 
outer  hair  cell  (OHC)  active  mechanism,  and 
the  regulation  of  the  active  mechanism  by  the 
medial  efferents. 

JHC-Auditory  Nerve  Synapse 

The  morphology  of  the  synapses  between 
the  IHCs  3nd  the.  radial  auditory'  afferent  end¬ 
ings  of  the  type  !  ganglion  cells  clearly  indi¬ 
cates  that  synaptic  transmission  is  of  a  ncuro- 
chemical  type  (PUjOl  and  Lenoir,  1986),  The 
best  candidate  for  the  ncurotn-.nsmittcr  is  glu¬ 
tamate  (Eybalm  and  Pujol,  1989),  Tins  has 
physiologic  as  well  as  pathophysiologic  impli» 
cations. 

Glutamate  is  considered  to  be  an  excel¬ 
lent  neurotransmilter  in  the  central  nervous 
system  when  fast  excitation  is  needed,  which 
is  the  situation  one  would  expect  in. the  co¬ 
chlea.  However,  glutamate  is  also  Known  to 
have  ncurotoxic  effects  when  excessively  re¬ 
leased,  antPor  incompletely  recycled.  A  gluta- 
matergic  synapse,  to  be  safe,  should  be  pro¬ 
vided  with  an  efficient  mechanism  for  remov¬ 
ing  the  ncurotransmiucr  from  the  synaptic 
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deft.  la  the  cochlea  (Eyhalin  and  Pujol.  1983), 
as  gencrall)'  occurs  in  the  brain,  this  Is 
achieved  by  glial  reev  cling  of  glutamate  into 
glutamine.  But  when  glutamate  is  released  in 
excess,  as  may  occur  during  overstimulation, 
or  in  pathologic  conditions  such  as  ischemia 
or  anoxia,  this  mechanism  is  not  adequate  and 
neurotoxic  processes  affect  the  postsynaptic 
targets.  This  neurotoxicity  is  first  character* 
ized  by  a  swelling  of  ncnc  endings,  followed 
by  degeneration  of  glutamoceptive  neurons 
(Ma)crand  Westbrook,  1987).  In  the  cochlea, 
exposure  to  kainic  acid,  a  glutamate  analog, 
results  in  an  acute  and  specific  swelling  of  ra¬ 
dial  afferent  dendrites  connected  to  IHCs  (Pu¬ 
jol  et  al,  1985).  Subsequently,  a  loss  of  type  I 
spiral  ganglion  neurons  occurs  0uiz  et  al, 
1989).  It  is  striking  to  compare  this  acute 
damage  with  what  occurs  in  anoxia  (Spoend- 
Hn,  1970,  BiHett  et  al,  1989)  or  some  eases  of 
acoustic  trauma  (Spoendlin,  1976;  Robertson, 
1983)  In  all  eases,  the  same  type  of  immedi¬ 
ate  swelling  (Fig  17-1),  probably  linked  to 
glutamate  excitotoxicity,  is  observed  (Pujol  et 
al,  1990a). 

Glutamate  neurotoxicity  is  now’  taken 
into  account  in  the  CNS  to  explain  some  of 
the  degenerative  processes  occurring  in  aging 
(Meldrum,  1985)  This  could  also  be  a  valu¬ 
able  working  hypothesis  in  some  forms  of 
prcsb)cusis  (Pujol  et  al,  1990a).  Similarly,  it 
would  be  interesting  to  imestigate  more  care¬ 
fully  IHC-affcrcnt  auditor)’  synapses  after  noise 
exposure  during  the  sensitive  period.  An  in¬ 
crease  of  the  swelling  as  compared  to  similar 
exposure  in  adulthood,  would  indicate  that 
glutamate  ncurotransmission  and/or  glutamate 
rec> cling  is  not  fully  mature,  accounting  for 
part  of  the  increased  sensitivity  of  the  cochlea. 
Interestingly,  in  two  of  the  experimental  stud 
ics  that  have  characterized  the  histologic  dam 
age  that  follows  acoustic  trauma  during  the 
sensitive  period,  the  loss  of  IllCs  (Price, 
1976)  and  the  degeneration  of  their  afferent 
supply  (Lenoir  and  Pujol,  1980)  were  pointed 
out. 

OHC-Active  Mechanism 

The  OHCs  arc  no  longer  considered  to  be 
conventional  mcchanorcccptors.  However, 
they  are  excited  in  the  same  way  as  the  IHCs 
(through  displacement  of  their  stcrcocilia  and 
opening  of  potassium  channels),  but  they  re¬ 
act  to  auditor)’  stimulation  in  a  completely  dif 
ferent  manner,  probably  by  contracting  The 
demonstration,  in  in  vitro  preparations,  that 
OHCs  could  contract  or  elongate  depending 
on  changes  in  the  membrane  potential,  repre 


sents  one  of  the  major  steps  in' the  under¬ 
standing  of  cochlear  physiology  (Brownell, 
1984).  In  feet,  an  active  mechanism  enhancing 
and  filtering  the  vibration  of  the  basilar  mem¬ 
brane  was  strongly  suggested  when  oto-acous- 
tic  emissions  were  discovered  (Kemp.  1978). 
Moreover,  the  finding  that  in  normal  condi¬ 
tions,  the  basilar  membrane  (Scllick  et  al, 
1982;  Khanna  and  Leonard,  1982)  as  well  as 
the  IHCs  (Russell  and  Scllick,  1978)  arc  per¬ 
fectly  tuned  suggested  that  this  active  mecha¬ 
nism  must  take  place  before  the  sensorineural 
transduction  at  the  1HC  level.  Even  though  the 
n exact 1  mechanism  occurring  in  vivo  is  still  not 
completely  understood,  OHCs  arc  dearly  in¬ 
volved.  As  the  OHCs  are  firmly  coupled  to  the 
basilar  membrane  by  means  of  supporting 
cells,  and  to  the  tectorial  membrane  by  means 
of  their  tallest  stcrcocilia,  their  contraction 
may  result  in  an  enhancement  and  a  tuning  of 
the  vibration  of  the  cochlear  partition.  Thus, 
the  OHC  active  mechanism  is  considered  to 
be  responsible  for  the  exquisite  sensitivity 
(gain  of  about  50  dB  at  threshold)  and  fre¬ 
quency  selectivity  of  the  cochlea. 

Possibly  relevant  to  the  sensitive  period 
for  acoustic  trauma  arc  the  recent  findings  on 
the  maturation  of  the  OHC  active  mecha¬ 
nisms.  A  developmental  study  of  acoustic  dis¬ 
tortion  products  in  the  rat  cochlea  (Lenoir 
and  Pucl,  1987)  points  out  the  relatively  late 
maturation  of  the  active  mechanism  phenome¬ 
non  as  compared  with  other  indices  of  the  co¬ 
chlear  function  (Puel  and  Uzicl,  1987),  The 
2F,-F2  otoacoustic  emissions  for  midfrcqucn- 
cies  (3  to  7  kHz)  reach  their  adult  value  at  the 
very  end  of  the  first  postnatal  month.  The  gra¬ 
dient  of  maturation  observed  m  this  study, 
from  the  lowest  (3  kHz)  to  the  highest  (7 
kHz)  frequencies,  suggests  that  subtle  devel¬ 
opmental  changes  may  occur  in  the  basal  por¬ 
tion  of  the  rat  cochlea  well  after  the  end  of  its 
apparent  structural  maturation.  Thus,  it  is 
tempting  to  correlate  both  the  location  (high 
frequency  region)  and  the  timing  (peak  at  the 
end  of  the  first  month)  of  the  sensitive  period 
to  acoustic  trauma  (Lenoir  et  al,  1979)  with 
the  increased  sensitivity  of  the  OHC  active 
mechanisms,  which  arc  not  yet  fully  stabilized. 

Efferent  Supply  to  OHCs 

OHCs,  especially  in  the  region  that  is 
most  sensitive  to  acoustic  trauma  in  the  devel¬ 
opmental  period  (i  e.,  8  to  20  kHz,  Lenoir  et 
al,  1979),  are  innervated  by  the  medial  effer¬ 
ent  endings  that  form  huge  axosomatic  syn¬ 
apses  (Lenoir  et  al,  1980).  Tills  so  called  me¬ 
dial  efferent  system  (Warr  and  Guinan,  1979) 


Figure  17-1  Comparison  of  acute  damage  affecting  the  radial  afferents  below  the  inner  hair  cells  of  the  guinea  pig 
after  A,  kainlc  acid  (glutamate  analog)  exposure,  B,  acoustic  trauma  (closed  system  10  kHz,  120  dB,  V*  hour),  and 
C,  anoxia  In  all  cases,  a  selecthc  and  drastic  swelling  of  radial  afferents  (some  of  them  indicated  b>  a  star)  is  ob¬ 
served,  possibly  due  to  glutamate  cxcuotoxlcity. 
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is  now  believed  to  have  a  protective  effect  on 
the  OHCsuaa  reduction  of  their  active  mcch- 
anisms  (Mountain.  1980,  Rajan  and  Johnstone, 
1983;  Pue!  ct  al,  1990). 

The  maturation  of  the  cffercnt-OHC  syn¬ 
apses  is  known  to  be  »he  last  event  of  cochlear 
synaptogenesis  in  the  rat  (Lenoir  ct  aL,  1980) 
as  well  as  in  all  other  mammahan  species  that 
have  been  investigated  (Pujol  and  Sans,  1986). 
These  synapses  reach  an  apparent  mature 
stage  just  before  the  sensitive  period  to  acous¬ 
tic  trauma,  but  only  anatomic  criteria  w'ere 
used  to  assess  this  maturity.  One  could  expect 
some  biochemical  and/or  molecular  process 
extending  the  synaptic  maturation  or  stabiliza¬ 
tion  well  beyond  the  point  estimated  by  elec¬ 
tron  microscopy.  Thus,  incomplete  maturation 
of  the  media!  efferent  synapses  would  lead  to 
a  lower  protective  effect  on  the  OHCs.  In¬ 
deed,  very  preliminary  results  (Lenoir  and  Pu¬ 
jol,  1980)  indicate  that  in  rat  cochleas  ex« 
posed  to  noise,  the  efferent  OHC  synapses  arc 
particularly  affected  during  the  sensitive  pe¬ 
riod. 

Human  Data 

Whatever  the  anatomic  correlates,  the  ex¬ 
istence  of  a  period  of  increased  sensitivity  to 
acoustic  trauma  in  young  rodents  can  no 
longer  be  questioned.  Because  of  the  remark¬ 
able  similarities  of  cochlear  anatomy  and/or 
function  between  mammalian  species,  it  is 
higlily  probable  that  such  a  period  also  exists 
in  most  other  mammals  In  humans,  the  prob¬ 
lem  wras  first  raised  by  clinicians  who  were 
concerned  with  possible  damaging  effects  of 
noisy  incubators  on  the  hearing  of  premature 
babies  (Falk  and  Farmer,  1973;  Douck  ct  a!, 
1976)  Although  there  is  little  direct  evidence 
for  the  existence  of  a  sensitive  period  in  hu¬ 
mans,  it  is  worth  reviewing  some  relevant  data 
vvjiich  provide  information  about  (I)  matura¬ 
tion  of  the  human  cochlea;  (2)  the  onset  of  fe¬ 
tal  hearing;  and  (3)  the  evaluation  of  risk  fac¬ 
tors  for  hearing  loss  in  the  fetus  and  new¬ 
borns. 

Maturation  of  the  Human 
Cochlea 

Tlic  anatomic  maturation  of  the  human 
cochlea  has  been  thoroughly  investigated  in 
the  recent  past  (Pujol  and  UzicI,  1988;  Lav- 
igne-Rcbillard  and  Pujol,  1990).  Th<*c  studies 
confirm  that  the  fetal  cochlea  is  structurally 
ready  to  function  as  soon  as  the  eighteenth 
week  of  pregnancy,  and  that  complete  struc¬ 


tural  maturation  is  achieved  by  the  last  trimes¬ 
ter.  By  comparing  the  maturational  stages  in 
humans  to  those  reported  in  experimental 
mammals,  it  can  be  proposed  that  a  6-  or 
7-month  fetal  cochlea  could  function  with  a 
sensitivity  close  to  mature  values  Further¬ 
more,  on  the  basis  of  comparison  with  rats, 
one  would  expect  a  sensitive  period  to  noise 
trauma  to  occur  in  humans  from  5  months  in 
utcro  to  a  few  months  after  birth,  with  a  peak 
within  the  last  trimester  of  normal  pregnancy. 
Thus,  an  enhanced  risk  factor  for  acoustic 
trauma  has  to  be  estimated  in  two  different 
populations:  the  term  newborns,  who  spend 
most  of  their  sensitive  period  in  utero,  and  the 
premature  infants,  who  arc  directly  exposed 
to  a  noisy  environment  within  the  most  criti¬ 
cal  part  of  the  sensitive  period. 

Hearing  by  the  Human  Fetus 

A  precise  evaluation  of  the  intensity  of 
sound  to  which  the  fetus  is  exposed  in  utcro 
is  a  prerequisite  to  any  estimation  of  the  risk 
of  noise  trauma  during  pregnancy.  Recently, 
data  have  been  published  concerning  the  uter¬ 
ine  sound, environment  in  human  mothers  as 
well  as  in  suitable  animal  models  such  the 
ewe.  From  these  studies  it  appears  that  the 
sensor)'  information  reaching  the  amnlotic 
cavity  is  far  richer  than  previously  expected 
Two  sets  of  experiments  m  pregnant  >  ewes 
give  a  clear  idea  of  the  intensity  and  frequency 
of  externally  emitted  sounds  that  are  transmit¬ 
ted  to  an  intact  amniotic  sac.  In  the  first  study 
(Arnutagc  et  al,  1980),  a  hydrophone  im¬ 
planted  on  the  fetus  neck  indicated  an  attenu¬ 
ation  of  about  20  dB  or  less  for  frequencies 
lower  than  2  kHz,  higher  frequencies  have  a 
higher  level  of  attenuation  Another  experi¬ 
ment  (Gcrhardt  et  al,  1988)  demonstrated 
that  application  of  a  sound  source  directly  on 
the  surface  of  the  maternal  abdomen  can  re¬ 
sult  in  very  high  sound  pressure  levels  in  the 
uterine  cavity.  When  stimulating  with  an  artifi 
cial  larynx  (frequency  spectrum  below  1 
kHz),  something  that  is  done  clinically  for  sur¬ 
veillance  of  highrHc  pregnancies,  the  sound 
level  recorded -at  the  hydrophone  reached 
130  to  MO  dB! 

Measurements  in  human  mothers  have 
also  been  performed  during  labor  (see  Quer- 
leu  et  al,  1989)  Most  of  these  measurements 
arc  concordant  with  the  animal  results,  le, 
the  attenuation  is  lower  than  20  dB  below  I 
kHz  and  increases  linearly  from  20  to  40  dB 
when  the  frequency  is  increased  from  1  to  10 
kHz  It  is,  however,  important  to  note  that 
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both -the  external  and  middle  ears  are  filled 
with  amniotic  fluid  in  the  fetus  and  the  trans¬ 
mission  of  sounds  to  the  cochlea  may  be  com¬ 
pletely  different  than  in'  the  adult  Neverthe¬ 
less,  the  feasibility  of  prenatal  testing  (see 
Granier-Defcrrc  et  al,  1985)  is  a  good  indica¬ 
tion,  that  this  fluid  transmission  is  really  not 
too  bad.  In  these  conditions,  during  the  last 
trimester  of  pregnancy',  when  cochlear  thresh¬ 
olds  of  the  fetus  have  probably  dropped  close 
to  normal  values,  one  should  expect  sound 
stimulation  to  have  both  physiologic  and  path¬ 
ologic  effects  limited  mainly  by  the  attenua¬ 
tion  discussed  above  and  by  some  frequency’ 
distortions. 

Noise  Trauma  in  the  Human 
Fetus 

The  possibility  of  fetal  cochlear  damage 
resulting  from  noise  exposure  of  the  mother 
during  pregnancy  has  been  postulated  on  the 
basis /of  correlations  with  experimental  data 
(sec*  Lenoir  et  al,  1986).  However,  a  direct 
evaluation  has  also  been  reported  in  two  clin¬ 
ical  studies.  In  the  first  investigation  (Daniel 
and  Laciak,  1982),  75  children  were  tested,  all 
were  born  from  mothers  who  had  worked 
during  their  pregnancy  In  a  weaving  factory 
(within  a  100  dB  noise  environment).  Only  -HO 
of  these  children  had  normal  hearing  for  their 
age!  The  other  35  presented  high  frequency 
losses  of  2Q  to  55  dB.  Tin's  dramatic  result  has 
been  confirmed  in  another  studv  (Lalandc  et 
al,  1986)  in  which  131  children -were  exam* 
ined.  Their  mothers  had  worked  while  preg¬ 
nant  in  noisy  conditions  ranging  from  65  to 
95  dB.  Results  show  that  children  whose 
mothers  were  exposed  to  noise  of  85  to  95  dB 
had  a; three- ibid  increase  In  the  risk  of  having  a 
higlt  frequency  hearing  loss.  Moreover,  there 
was  \\  correlation  between  exposure  to  low* 
frequency  noise  and  the  risk  of  hearing  loss  at 
4  kHz. 

Noise  Trauma  in  Premature 
Babies 

Tlie  results  described  above  clearly  sug¬ 
gest  that  a  period  of  increased  sensitivity  to 
the  damaging  effect  of  noise  also  exists  in  the 
human  cochlea.  The  demonstration  that  a 
noise  exposure  around  90  dB  has  a  noxious  ef¬ 
fect  on  the  fetal  ear,  despite  the  attenuation 
provided  by  the  uterine  environment,  implies 
that  a  similar  noxious  effect  should  be  ex¬ 
pected  to  occur  in  premature  babies  at  lower 


levels  of  exposure.  This  raises  again  the  prob¬ 
lem  of  a  possible  traumatic  effect  of  incubator 
noise.  Depending  on  die  incubator  model, 
such  noise  can  reach  60  to  75  dB  under  nor* 
mal  working  conditions.  Is  this  level  of  noise 
sufficient  to  damage  the  cochleas  of  premature 
babies5  Experiments  done  in  the  rat  show  that 
during  the  sensitive  period  a  noise  can  have 
deleterious  effect  at  levels  10  to  20  dB  lower 
than  in  adulthood  (Lenoir  ct  al,  1979).  If  this 
is  also  true  in  human  cochleas,  a  1 -month  ex¬ 
posure  to  75  dB  could  well  be  damaging. 

The  last  point  that  must  be  discussed  con¬ 
cerns  premature  babies.  They  are  sometimes 
given, -when  in  an  incubator,  ototoxic  drugs 
such  as  aminoglycosides.  A  combination  of 
noise  (nontraumatic  by  itself)  and  drug  (at  a 
dose  which  is  nonototoxic  by  itself)  could 
produce  a  potentiating  effect  (Lenoir  et  al, 
1986),  especially,  during  the  sensitive  period. 
Tills  is  a  serious  matter  even  if  most  of  the 
studies  done  with  infants  in  intensive  care 
units  do  not  clearly  indicate  auditory  defects 
with  noise  and/or  drug  exposures.  Damage 
could  well  be  small  enough  or  hni,  „d  to  a 
high  frequency  range  so  as  to  be  overlooked 
at  the  time  of  treatment.  Takings  into  account 
that  all  assaults  of  noise  and  drugs  may  accu¬ 
mulate  over  time  (Hawkins,  1973),  very  early 
damage  could  well  be  significant  in  the  late 
appearance  of  a  perceptible  hearing  impair¬ 
ment. 


Traumatisme  Sonore  et 
Periode  de  Susceptibility 
au  cours  du 

Developpement:  Faits  et 
Hypotheses 

Au  cours  du  developpement  cochlcairc, 
plusieurs  p£riodc$  d’hypersensibilite  ont  etc 
decrites(voirUziel,  1985  ct  Pujol  et  Uziel,  1989 
pour  revues),  Elies  correspondent  i  des  peri- 
odes  du  developpement  ou  un  facteur  epigene- 
tique  peut  affectcr,  ou  avoir  un  effet  deletfcre  ac- 
cru  sur  la  structure  et  la  fonciion  cochl&tire. 
Ccst  ainsi  qu’unc  periode  d’hyperscnsibilite  a 
ete  mise  en  evidence  pour  I’insuffisance  thyroi- 
dienne  et  I’ototoxicite  aux  antibiotiques  amino¬ 
glycosides,  il  cn  est  de  mcmc  pour  le  trauma 
acoustique.  Dans  ce  dernier  cas,  des  animaux 
en  cours  de  developpement,  soumis  a  une  ex¬ 
position  bruyantc  inoffensive  chez  I’adulte  de 
meme  espece,  presentent  des  pertes  auditives 
temporalres  ou  definitives. 
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Le  present  article  n’a  pas  pour  objectif  de 
passer  a  nouveau  en  reVue  les  travaux  cxperi- 
mentaux  sur  Ic  sujet,  car  ires  peu  de  resultats 
ont  etc  publies  depuis  Ic  precedent  rapport 
(Lenoir,  Bock  et  Pujol,  1986),  Toutefois  les 
principales  donnees  seront  resumees  avant  dc 
prolonger  la  discussion  sur  deux  points  cssen- 
ticls  Le  premier  concerne  les  correlations 
anatomiques  qui  pourraient  cxpliqucr  la  peri- 
ode  d'hyperscnsibilite  au  trauma  acoustique, 
De  fait,  ll  faut  a  present  tenir  compte  dcs  de- 
veloppcments  les  plus  recents  concemant  la 
physiologic  cochleaire  (mecanismes  actifs, 
neurochimie, ,  -  ,)  pour  completer  ou  modi¬ 
fier  les  hypotheses  deja  avancecs  Nous  nous 
proposons  dc  discuter  particulierement;  (1) 
une  possible  immaturity  de  la  "synapse  entre 
cellules  cilices  internes  et  fibres  auditives,  ay- 
ant  pour  consequence  une  toxicit6  accrue  aux 
acides  amines;  (2)  une  fragilite  dcs  cellules 
cilices  externes  ct  dcs  mecanismes  actifs  avant 
Icur  complete  maturation;  (3)  un  effet  protcc* 
tcur  du  systfcme  efferent  plus  faible  au  cours 
de  ccttc  periode  que  dans  Page  adulte.  Le  sec¬ 
ond  point  concerne  la  transposition  chez 
I'hommc  dc  la  periode  dhypersensibihte  au 
trauma  acoustique.  En  fait,  il  existc  trap  de 
slmilaritcs  dans  la  structure  ct  Ic  d£\cIoppe- 
ment  dc  la  cochlec  de  la  plupart  dcs  mam* 
miferes,  homme  y  compris,  pour  que  I’on  ne 
puisse  pas  gencraliscr  la  notion  de  periodes 
d'hypcrsensibilite,  Dans  ccs  conditions,  il  doit 
cxistcr  une  periode  dc  nsques  accrus  pour  la 
cochlee  humainc,  fiice  au  trauma  acoustique, 
au  cours  du  dernier  trimestre  in  utcro,  ou 
chez  les  prematures.  Quelqucs  observations 
recentcs  venant  i  l'appui  dc  cette  idee  sont 
discutces. 
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CHAPTER  18 


Regeneration  of  Hair  Cells 
in  the  Avian  Inner  Ear 

EDWIN  W,  RUBE  I, 


IV^ost  of  this  volume  deals  with  parameters 
affecting  noise-induced  hearing  loss.  It  is  of 
considerable  importance  to  examine  factors 
such  as  exposure  duration,  sound  Intensity, 
and  age,  individually  and  as  they  interact.  In 
addition,  investigators  are  providing  important 
new  information  about  the  cellular  events  in* 
volvcd  in  noise  or  drug  damage  to  the  inner 
car.  These  events  seem  to  involve  a  constella¬ 
tion  of  mechanical  and  chemical  events  that 
lead  to  disruption  and  phagocytosis  of  hair 
cells,  as  well  as  varying  degrees  of  support  cell 
disruption  and  ganglion  cell  loss.  Understand¬ 
ing  relationships  between  the  physical  param¬ 
eters  of  sound  and  the  degree  of  sensorineural 
damage  may  allow  prediction  and  prevention 
of  damage  due  to  noise  exposure.  Understand¬ 
ing  the  mechanical  and  chemical  events  un¬ 
derlying  receptor  damage  from  noise  expo¬ 
sure  may  lead  to  methods,  for  protection  or 
early  treatment  that  will  prevent  or  retard  the 
deleterious  effects. 

Conversely,  it  is  safe  to  assume  that  dam* 
age  to  the  inner  ear  through  exposure  to 
noise,  environmental  chemical  toxins,  medica¬ 
tions,  and  disease  will  continue  to  cause  hear¬ 
ing  and  balance  disorders  in  millions  of  people 
each  year.  An  ultimate  objective,  therefore, 
would  be  to  develop  methods  to  replace  lost 
receptor  elements  through  transplantation  or 
regeneration.  This  chapter  deals  with  recent 
studies  on  regeneration  of  hair  cells  in  the 
avian  inner  ear. 

The  potential  for  vertebrate  hair  cells  to 
proliferate  and  differentiate  throughout  life 
has  been  recognized  for  over  50  years  (Cor¬ 
win  et  a!.,  1989)  For  example  Stone  (1933, 
1937)  studied  regeneration  of  lateral  line  or¬ 
gans  following  tail  amputation  in  amphibian 
embryos.  He  found  that  regenerated  organs 
were  numerically  similar  to  the  previous  com- 
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plcmcnt  and  that  they  were  supplied  by  mi¬ 
gration  of  precursor  cells  from  the  last  organ 
of  the  proximal  tail  stump.  More  recently,  a 
number  of  groups  have  investigated  both  con¬ 
tinued  production  of  hair  cells  in  the  saccule 
of  rays  and  fishes  as  well  as  regeneration  of 
hair  cells  in  the  lateral  line  of  amphibians 
(Corwin,  1983;  Corwin  et  al ,  1989,  Prcsson 
and  Popper,  1990a,b). 

Until  recently,  however,  it  was  generally 
accepted  that  postembryonic  production  of 
hair  cells  is  limited  to  cold  blooded  verte¬ 
brates,  as  is  the  ability  to  restore  damaged 
populations  of  hair  ceils  That  is,  birds  and 
mammals  have  lost  this  ability  during  evolu¬ 
tion.  In  both  birds  and  mammals,  the  hair  cells 
that  will  normally  populate  the  inner  car  arc 
produced  relatively  early  in  embryogcncsis 
(Ruben,  1967).  Although  some  mitotic  activ¬ 
ity  may  continue  after  this  time,  the  new  cells 
were  not  thought  to  differentiate  into  hair 
cells.  Recent  studies  on  birds  have  suggested 
that  we  must  re-evaluate  these  assumptions. 

Initial  Experiments 

Two  serendipitous  findings  suggested  that 
birds  were  able  to  restore  the  population  of 
hair  cells  following  elimination  of  embryoni- 
cally  produced  hair  cells  due  to  ototoxic 
drugs  or  noise  exposure.  Raul  Cruz  (Cruz  et 
at,  1987)  performed  an  experiment  intended 
to  examine  the  time  course  of  aminoglycoside 
destruction  of  hair  cells  dn  the  chick,  Cruz 
gave  a  large  group  of  neonatal  chicks  a  50 
mg/kg  injection  of  gentamicin  each  day  for  10 
days.  Experimental  and  vehicle-injected  con¬ 
trol  animals  were  allowed  to  survive  varying 
amounts  of  time  ranging  from  1  day  to  32 
days.  Earlier  studies  in  our  laboratory  (Johns 
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ct  aL,  1980)  demonstrated  dm  when  gg«k 
were  given  this  a jcctiba  regimen  and  aUcrard 
lo  survive  for  40  days,  hair  ccfl  loss 
evident  throughout  ibe  ba»J  mxMhirdsof  the 
cochlea.  In  the  Cruz  ct  aL  study,  the  cochkas 
were  serially  sectioned  2nd  the  number  cf 
hair  cells  W2S  cocnicd  at  100  pm  intervals 
from  the  base  to  the  apex.  Hair  ceil  counts 
revealed  that  after  the  ten  day  aminogjj  cosadc 
treatment  there  was  a  nearly  total  elimination 
of  hair  cells  in  the  basal  one-third  of  the 
cochlea.  A  week  later  the  damage  had  spread 
to  eliminate  a  majority  of  the  hair  cells 
throughout  the  basal  two- thirds  of  the  co¬ 
chlea,  but  counts  at  the  basal  pole  revealed 
that  the  number  of  hair  ceils  had  been  par¬ 
tially  restored  After  another  2  weeks,  the 
number  of  hair  edis  throughout  the  basal 
two-thirds  of  the  cochlea  appeared  to  be 
recovering  toward  normaL 

While  these  data  strongly  suggested  that 
new  hair  cells  were  being  produced  to  replace 
those  destroyed  by  the  aminoglycoside  treat¬ 
ment.  other  interpretations  were  possible.  For 
example,  it  was  possible  that  the  aminoglyco¬ 
sides  caused  deterioration  or  dcdiftcremiaUon 
of  hair  cells  to  the  extent  that  they  were  un¬ 
recognizable  in  the  microscopic  sections,  and 
then  reco\  cry  ensued  E\cn  if  new  hair  cells 
were  taking  the  place  of  cmbryonically  pro¬ 
duced  cells  that  had  been  destroyed  by  the 
drug,  we  could  not  conclude  that  this  was  due 
to  the  production  of  new  cells.  Instead,  it  was 
possible  that  the  aminoglycosides  or  the  re¬ 
sulting  damage  induced  support  cells  differen¬ 
tiate  into  new  hair  cells.  In  other  receptor  or¬ 
gans,  such  as  taste  buds,  there  is  continual  re¬ 
placement  of  receptors  by  so<al!cd  support 
cells. 

While  Cruz  was  counting  hair  cells  fol¬ 
lowing  aminoglycoside  ototoxicity',  Cotanchc 
( 1987a)  was  examining  the  neonatal  chick  co¬ 
chlea  by  scanning  electron  microscopy  follow¬ 
ing  acoustic  trauma.  Although  the  initial  pur¬ 
pose  of  these  studies  was  toexaminc  age  dif¬ 
ferences  in  the  position  of  damage  produced 
by  overstimulation  (Rube!  and  Ryals,  1983; 
Ryals  and  Rube!,  1985;  Lippe  and  Rube!,  1983, 
1985),  Cotanchc  also  noted  the  rcpopulation 
of  hair  cells  a  few  days  following  noise  dam¬ 
age.  Again,  this  observation  is  open  to  several 
interpretations  including  both  cell  regenera¬ 
tion  and  recovery  of  jtcrcocilia.  Cotanchc 
made  two  additional  important  observations: 
the  apical  surfaces  of  the  cells  that  appeared 
to  be  repopulating  the  cochlea  bore  a  striking 
resemblance  to  immature  hair  cells,  and  the 
sequence  of  differentiation  paralleled  the  cm- 
bry  ology  of  stcrcocilia. 


Taken  togrfxr.  these  two  smeScs  (Craz 
gaU  19ST-.  Cocaadxy  19S7*)  seggexed  ifra 
the  reawiioa  of  hair  cdH  was  not  dx  to  re¬ 
covery,  bet  represented  newly  creased  her 
ct£s  oc  transformed  support  ceSs.  Three  synd¬ 
ics  then  ssed  trained  thraaSac  (*H  thyea- 
<£ac)  ro  i2bd  .«cihc  cri&  &  the  sa¬ 

ner  ear  of  pcetmul  birds  in  order  to  prove 
thn  new  hair  cdb  were  being  produced.  This 
method  makes  use  of  the  fact  that  the  nudoc 
2od,  thymidine,  is  incorporated  too  DXA  dur¬ 
ing  the  Sphasc  of  mitosis.  It  then  remains  xa 
the  nucleus  throughout  the  life  of  the  cdL  If 
an  abundance  of  radioactive  thymidine  is  in¬ 
troduced  into  the  environment  of  mfroticzHy 
active  ceils  during  S  phase,  all  progeny  be¬ 
come  radioacirveh-  labeled.  With  successive 
cell  divisions  in  the  absence  of  radioactive 
thymidine,  the  “labcT  is  serially  diluted.  How¬ 
ever,  if  the  radioactive  thymidine  is  present 
during  the  final  ceil  division,  both  daughter 
ceils  will  be  strongly  radioactive.  This  method 
is  commonly  used  to  study  the  “birth  date’  of 
ceils,  the  time  that  cells  leave  the  mitotic  cy¬ 
cle  (Sidnun.  19703-  By  following  treatments 
of  *11  thymidine  with  2n  abundance  of  nonra- 
dioactiv  c  (“cokT)  thymidine,  it  is  possible  to 
label  cells  that  are  produced  during  a  re¬ 
stricted  period  of  tune.  This  method  is  com¬ 
monly  referred  to  as  “pulse  labelling."  Cells  la¬ 
belled  by  5H  thymidine  can  be  identified  at 
any  subsequent  time  by  histologic  tissue  pro¬ 
cessing  and  autoradiography.  Reduced  silver 
grains  in  the  photographic  emulsion  overlying 
the  nucleus  of  labelled  cells  arc  an  indication 
that  the  stem  cell  was  undergoing  mitosis 
while  the  5I1  thymidine  was  available  for  in¬ 
corporation. 

Using  this  method,  Corwin  and  Cotanchc 
(1988)  and  Ryals  and  Rubcl  (1988)  demon¬ 
strated  that  damage  to  the  avian  cochlea 
causes  a  population  of  stem  cells  to  re-enter 
the  mitotic  cycle  and  produce  new  cells, 
which  subsequently  differentiate  into  new  hair 
cells  as  well  as  new  support  cells.  Corwin  and 
Cotanchc  used  intense  sound  to  destroy  re¬ 
ceptors  in  the  cochlea  of  neonatal  chicks.  Tri- 
tiated  thymidine  was  infused  into  the  animals 
for  7  days  postexposnre  by  means  of  an  os¬ 
motic  pump.  The  Ojchlcas  were  then  pro¬ 
cessed  for  autoradiography.  Both  labelled  hair 
cells  and  labelled  support  cells  were  obsen  cd. 
In  a  parallel  study  (Ryals  and  Rubcl,  1988),  we 
exposed  young,  sexually  mature  quail 
( Cotumtx )  to  an  intense,  pure  tone  ( 1500  Hz) 
to  destroy  hair  cells  in  the  middle  region  of 
the  cochlea.  One  group  of  animals  was  given 
two  daily  injections  0/  *11  thymidine  over  the 
ensuing  10  days.  The  remaining  animals  were 
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figure  1 8-1  Kcprocfaiioo  of  quail  toj-  crib  The 
mean  percentage  difference  m  hair  ceil  number  as 
compared  to  normal  controls  (n  ®  6X  after  acoustic 
trauma  for  MX  lOdav.  (B\  30di)'.  and  (C).  60<ljy 
sunrtal  times.  Normal  hair  ceil  number  in  controls  is 
shown  by  a  strajft  line  at  0  along  the  cochlea  from 
h»e  to  apex.  Average  percentage  difference  in  hur 
cells  from  normal  (— 1  SE.M  )  is  shown  in  10  percent  in¬ 
tervals  along  (he  cochlea  from  tree  to  apex  at  each  sur¬ 
vival  time  (n  -  6.  5.  and  J  for  I  (May,  30<by.  and  60- 
di}-  survival,  respective!)  >  (From  Ryab  BM,  Rubd  EW 
I  lair  cell  regeneration  after  acoustic  trauma  in  adult 
CoUjmix  quaiL  Science  1988. 2*0-1774  1776.) 

allowed  lo  survive  for  either  10,  30,  or  60 
days.  figure  18*1  shows  the  percent  reduction 
in  hair  cell  number  (compared  to  control  co* 
chlcas)  as  a  function  of  position  along  the  co¬ 
chlea.  Ten  days  after  the  noise  damage  there  is 
a  massive  reduction  in  the  basal  half  of  the  co¬ 
chlea.  During  the  ensuing  50  days,  the  popula¬ 
tion  of  hair  cells  is  restored  to  near  normal 
numbers. 

The  animals  treated  with  tntiated  thymi¬ 
dine  provide  convincing  evidence  that  the  re- 
population  of  hair  cells  is  due  to  the  produc¬ 
tion  and  differentiation  of  a  new  generation  of 
cells.  Both  support  cells  and  hair  cells  were  la¬ 


belled  by  the  thymxSoc  (fig.  labour 
iro*  mfw*  were  net  exposed  to  the 

pcrc  tone  bet  were  pten  the  10  days  of  thy. 
trn&nc  tzjcaioas,  no  bbefled  hasr  cells  or 
scppoci  crib  mere  {bead. 

The  stofics  by  Coruin  and  Cotanebe 
(1988)  and  Ry?b  and  Rnbd  (1983)  indicate 
that,  in  both  neonatal  and  mature  prccoctal 
birds,  damage  to  the  cochlea  induces  a  "quies¬ 
cent"  population  of  precursor  crib  to  reenter 
the  mitotic  eyrie.  Xcwty  produced  crib  can 
then  differentiate  into  either  hair  crib  or  sup¬ 
port  crib.  Jorgensen  and  Maihksen  (1988) 
abo  reported  on  the  production  of  new  hair 
crib  in  the  post  embryonic  inner  car  of  birds. 
In  thr"  ease,  normal,  adult  budgerigars  were  la¬ 
belled  with  thymidine,  following  which  the 
vestibular  epirhdia  were  sectioned  and  pro¬ 
cessed  for  autoradiography.  Scattered  labelled 
hair  crib  and  support  crib  were  seen  in  each 
receptor  cpithriia.  This  result,  which  we  have 
recently  replicated  in  neonatal  chicks  (Rober¬ 
son  ct  aL  1989).  indicates  that  there  is  a  low 
level  of  continual  turnover  of  vestibular  hair 
celK 

In  summary,  it  has  become  clear  that  the 
assumption  that  birds  and  mammals  cannot  re¬ 
store  hair  crib  lost  due  to  injury'  is  wrong. 
Both  young  and  adult  birds  can  regenerate 
new  hair  crib  to  rcpopulatc  areas  damaged  by 
aminoglycosides  or  noise,  and  the  avian  ves¬ 
tibular  epithelium  appears  to  slowly'  replace 
hair  crib  throughout  life.  U  appears  that  ihb 
property  was  lost  during  evolution  of  the 
mammalian  inner  car.  We  have  begun  to  ad¬ 
dress  a  number  of  issues  that  may  lead  to  fur¬ 
ther  understanding  of  the  process  of  hair  cell 
regeneration  in  birds  in  the  hope  that  the  an¬ 
swers  will  suggest  methods  to  indi  this  abil¬ 
ity  in  mammab.  including  man. 

Identity  of  the  Precursor 
Population 

One  of  the  foremost  questions  is  the  iden¬ 
tification  of  the  cellular  population  or  popula¬ 
tions  that  re-enter  the  mitotic  cycle  and  pro¬ 
duce  new  hair  cells.  This  issue  has  been  ele¬ 
gantly  addressed  by  Corwin  ct  al  ( 1989)  in 
the  axolotl  lateral  line  where  it  was  confirmed 
that  support  tells  lying  at  the  periphery  of  the 
receptor  organ  arc  the  progenitors  of  new  hair 
cclb.  This  system  is  advantageous  because  it 
lies  on  the  periphery'  of  the  organbm  and 
therefore  can  be  directly  observed.  In  the  in¬ 
ner  car  we  arc  not  so  fortunate.  The  situation 
is  complicated  by  the  fact  that  there  are  a 
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Figure  18-2  ’ll  ihj-oikSnc-UKun]  qu3  !uir  <db  and  support  ceil  10  days  after  acoustic  trauma.  Bar  =>  20  |ua 
(From  R)ib  BM.  Rebd  EW  Hut  cell  regeneranoe  after  acoustic  trauma  in  adult  Cotuma  quad.  Science  1988. 
2fOI774-l77&) 


large  number  of  support  cell  types  in  the  vi¬ 
cinity  of  the  avian  basilar  membrane  (Takasaka 
and  Smith.  1971} 

A  tangential  section  of  the  avian  cochlea 
is  shown  in  Figure  18-3-  likely  precursors  arc 
the  following: 

1.  Remaining  hair  cells  that  could  d  .dif¬ 
ferentiate  and  become  mitotically  ac¬ 
tive. 

2.  Support  cells  whose  nuclei  lie  under¬ 
neath  the  hair  cells  and  extend  apical 
processes  to  the  lumen,  surrounding 
the  apical  surface  of  each  hair  cell  or 
other  support  cells  in  this  area  that 
have  not  been  dura cteri zed. 

3-  Epithelial  eel!  populations  that  He  ci¬ 
ther  toward  the  neural  or  abncural 
borders  of  the  hair  cell  populations. 

•f.  An  unidentified  stem  cell  population 
whose  progeny  migrate  into  the  recep¬ 
tor  epithelium. 

The  first  experiment  to  address  this  issue 
(Girod  ct  a!..  1989)  involved  determining  the 
first  cells  tlut  become  mitotically  active  fol¬ 
lowing  damage  and  attempting  to  follow'  the 
fate  of  their  progeny.  The  design  of  this  exper¬ 
iment  is  shown  in  Figure  18-1  Neonatal 
chicks  were  exposed  to  a  120  dB,  1500  Hz 
pure  tone  for  18  hours.  Beginning  cither  dur¬ 
ing  the  tone  exposure  (after  12  hours)  or  im¬ 
mediately  after  the  tone  exposure,  the  animals 


began  receiving  injections  of  *11  thymidine. 
One  group  was  given  an  abundance  of  “cold*’ 
thymidine  following  three  days  of  5I!  thymi¬ 
dine.  The  remaining  animals  were  sacrificed  at 
various  times  during  *11  thymidine  treatment, 
ranging  from  6  hours  to  3  days  following  noise 
exposure.  One  cochlea  from  each  animal  was 
processed  for  autoradiography;  the  other  was 
examined  by  scanning  electron  microscopy 
(SEM). 

Figure  185  shows  the  appearance  of  the 
receptor  epithelium  6  hours  following  the 
noise  exposure.  The  epithelium  is  severely 
damaged;  it  has  pulled  away  from  the  basilar 
membrane  and  most  of  the  short  hair  cells  arc 
extruded.  At  this  time,  no  cells  in  the  vicinity 
of  the  receptor  epithelium  arc  labelled.  An  oc¬ 
casional  cell  in  the  ncnc  fiber  bundle  is  la¬ 
belled  and  a  few  nuclei  of  tympanic  border 
cells,  tying  under  the  basilar  membrane,  arc  la¬ 
belled.  By  15  or  2  i  hours  after  noise  expo¬ 
sure,  the  undifferentiated  epithelial  cells  I>ing 
at  the  inferior  edge  of  the  receptor  epithelium 
(me  spread  out  and  arc  rapidly  proliferating 
(fig.  18-6).  As  these  cells  continue  to  prolifer¬ 
ate  (Fig.  18-7,  A),  the  single  cell  lamina  is 
transformed  to  two  to  three  cells  deep  and  la¬ 
belled  nuclei  are  abundant.  At  this  time,  a  few 
cells  can  already  be  recognized  as  immature 
hair  cells  because  their  apical  tips  contact  the 
lumen  and  are  beginning  to  develop  immature 


Figure  18-3  Transverse  section  through  basilar  papilla  (approximately  33  mm  from  proximal  tip)  in  a  normal  40- 
day-old  chicV.cn.  At  this  por’m,  tall  hair  cells  predominate  the  widdi  of  the  basilar  membrane.  TV  *  tegmentum 
vasculosura.  BM  =  basilar  membrane.  II  -  habenula,  T>1 «  tectorial  membrane.  Bar  indicates  100  pm.  (From  Rubel 
BM.  Ryals  EVP.  Patterns  of  hair  cell  loss  in  chick  basilar  papilla  after  intense  auditor)  stimulation:  Exposure  duration 
and  sumnl  lime.  Acta  Otolaryngol  1982. 93  3M1.) 
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Figure  18-1  Schematic  representation  of  the  experimental  design  for  'pulse  labelling"  experiment.  The  animals 
were  divided  Into  five  subgroups  based  on  survival  time  following  the  completion  of  the  noise  exposure  Tntiatcd 
ihymkiinc  labeling  was  Initiated  1 2  hours  Into  the  noise  exposure  for  the  early  survival  groups  (£21  hours)  and  on 
completion  of  the  noise  exposure  for  the  longer  survival  groups  (^3  days >  *  *v  group.  (From  Girod  DA. 

Duckcrt  LG.  Rubel  EVt  Possible  precursors  of  regenerated  hair  eelb  in  the  avian  cochlea  following  acoustic  trauma. 
Hear  Res  1989,  I2I75-I9T) 


REGENERATION  OF  HAIR  CELLS  IN  THE  AVIAN  INNER  EAR 


209 


Figure  18-5  Transvase  light  microscopic  scaions  through  the  1 500  Hz  region  of  the  chick  cochlea  6  hours  after 
completion  of  noise  exposure,  demonstrating  extensile  hair  cell  and  supporting  cell  loss  at  the  inferior  edge  of  the 
sensor)  epithelium.  Note  the  thin  monolajer  of  cells  spreading  to  cover  the  basilar  membrane  (arrow  ).  (From  Gi 
rod  DA,  Duciert  LG.  Rubcl  EW.  Possible  precursors  of  regenerated  hair  cells  in  the  avian  cochlea  following  acoustic 
trauma.  Hear  Res  1989;  42  175-194.) 


Figure  18-6  Inferior  border  of  the  sensor)  epithelium  in  the  1500  Hz  region  of  experimental  cochleae,  15  hour 
survival.  Labeled  nuclei  (arrows)  indicating  mitosis  within  the  cellular  monola)cr.  (From  Girod  DA,  Duckert  LG, 
Rubcl  EW.  Possible  precursors  of  regenerated  hair  cells  in  the  auan  cochlea  following  acoustic  trauma  Hear  Res 
1989.42  175-19 1.) 


Figure  IS-7  Inferior  border  ofliie  sensory  epithelium  in  Ihc  1500  Hi  region  of  experimental  cochlea*.  /I  2 1  hour 
samval  Mull, P  C  labeled  nuclei  (mows)  an  the  now  strut, lied  eptthehum  coming  (he  basdar  mcratane.  13  3-day 
sunM  after  inferior  hair  cell  loss.  Labelled  regenerated  hair  cell  (arrow )  win,  hghllj  saaimng  cytopS  and!  large 
round  nucleus  adjacent  to  the  region  of  active  proWciatton.  Plane  of  focus  ts  on  the  overling  stiver  grains  puttmg 
the  cells  partially  out  of  focus.  (From  Girod  DA.  Duckett  LG.  Kubel  LW  Possrble  precursor  of  regenerated  have 
cdb  in  the  avian  cochlea  following  acoustic  trauma.  Hear  Res  1989, 42 175*194  > 
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Figure  18-8  Immature  regenerated  ch*ck  hair  cells  seen  3  days  after  noi'c  exposure  Plane  of  focus  is  now  on  the 
cells  and  not  on  the  overlying  siher  grains.  The  regenerated  hair  cells  lu\c  a  unique  appearance  including  a  tall 
spindle-shaped  cell  body  with  lightly  staincd'fcyloplasm,  a  large,  round  nucleus,  and  xcry  short  stcrcociha  (small 
arrowy  Processes  vecn  at  the  cell  bases  axe  probably  trailing  cytoplasmic  processes  showing  the  path  of  migration 
((dm  the  basilar  membrane  to  the  lumen  (large  arrow)  (From  Glrod  DA,  Duckett  LtJrRuhcl  EW  Possible  precur¬ 
sors  of  regenerated,  hair  cells  in  the  avian  cochlea  following  acoustic  trauma.  Hear  Res  1989. 12,175-19 1-) 


stercociha.  Three  clays  following  noise  expo- 
sure  (Fig  18-7,  U);  most  of  the  cellular  debris 
from  dying  and  extruded  cells  has  been 
'cleared.  Now  many  labelled  new  hair  cells  a§ 
well  as  support  cells  can  be  observed  toward 
the  inferior  side  of  the  receptor  epithelium. 
The  new'  hair  cells  arc  easily  refcognteed  by 
the;  staining  characteristics  of  their  cytoplasm, 
a  thin  3pical  process  extending  to  the  lumen 
already  bearing  a  tuft  of  immature  cilia,  aiid  a 
basal  process  extending  dow’n  toward  or  ter 
the  basilar  membrane  (Figs.  18*7,  U  and  18  8) 
In  scanning  electron  microscopy  (Fig.  18-9), 
the  tips  of  immature  stercocilia  arc  clearly 
recognized. 

The  labelled  hair  cells  shown  In  Figure 
18*10  vvrrc  proliferated  during  the  3  days  fol¬ 
lowing  noise  damage  (30  day  group).  At  the 
light  microscope  level  they  cannot  be  distin* 
guished  from  normal  hair  cells.  In  addition, 
when  viewed  by  SEM  (Fig.  18*1 1),  the  mosaic 
pattern  of  hair  cells  is  largely  restored.  It  is 
not  normal,  however;  persistent  defects  are 
observed  and  the  apical  surfaces  of  hair  cells 
in  the  rcpopulated  area  appear  larger,  suggest¬ 


ing  that  the  total  complement  of  hair  cells  has 
not  been  fully- restored.  Marsh  ct  al  (1990) 
have  measured  the  packing  density  and  apical 
surface  areas  of  hair  cells  in  the  rcpopulated 
area  and  confirmed  these  observations. 

Tlie  piciurc  that  emerges  from  studies  of 
the  inferior  region  after  noise  damage  is  sum¬ 
marized  in  Figure  18*12.  Initially,  support  cells 
near  the  inferior  margin  of  the.  receptor  epi¬ 
thelium  spread  out  to  cover  the  area  of  the 
basilar  membrane  that  has  been  damaged.  This 
process  seems  to  involve  changes  in  the  shape 
of  the  border  cells,  hyaline  cells,  and  possibly, 
cuboidal  cells.  This  epithelial  covering  of  tlie 
basilar  membrane  is  teen  as  early  as  we  have 
examined  the  tissue,  at  the  end  of  the  18 
hours  of  sound  exposure.  We  assume  that  pro¬ 
liferation  of  epithelial  cells  is  not  involved  in 
this  process  because  no  'll  thymidine  label 
ling  is  seen  in  this  region  until  15  hours  after 
the  sound  exposure. 

The  next  phase  involves  rapid  prolifera¬ 
tion  of  this  epithelial  layer  that  begins  be¬ 
tween  6  and  15  hours  following  exposure. 
These  new  cells  appear  to  form  a  pscudostrat- 


Figure  18-9  Scanning  electron  micrograph  of  the  sensory  epithelium  in  the  1500  Hz  region  of  the  chick  cochlea  at 
3-day  survival  Contrast  the  stcrcocilla  of  newly  regenerating  liair  cells  (arrows)  to  the  adjacent  mature  hair  cell 
(From  Girod  DA.  Duckett  LG.  Rubcl  EW,  Possible  precursors  of  regenerated  hair  cells  in  the  avian  cochlea  following 
acoustic  traumx  Hear  Res  1989, 42,175*194  ) 
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Figure  18-10  Superior  portion  of  the  sensor)  epithelium  in  the  1500  Hz  region  of  experimental  cochlcas.  30-day 
survival  Labelled  regenerated  short  luir  cells  (small  arrows)  are  indistinguishable  from  adjacent  non  labelled  hair 
cells.  Labelled  mature  supporting  cell  (Urge  arrow)  underneath  labelled  hair  cells  There  is  no  evidence  of  residual 
damage.  Bar  =  10  pm  (From  Girod  DA,  Duckett  LG,  Rubel  EW,  Possible  precursors  of  regenerated  hair  cells  in  the 
avian  cochlea  following  acoustic  trauma  Hear  Res  1989, 42 175*194 ) 
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Figure  18*11  Scanning  electron  micrograph  of  the  sensor)  epithelium  in  the  1500  III  region  of  the  chick  cochlea 
at  50-<!ay  survival  Note  the  mild  disorganization  of  the  normal  hair  cell  mosaic  pattern  and  the  scry  small  residual 
scar  (arrow).  (From  Gt'rod  I)A,  Duckcrt  LG,  Rubd  EW.  Possible  precursors  of  regenerated  hair  cells  m  the  avian 
cochlea  following  acoustic  trauma.  Hear  Res  1989;  f2:l75«19b) 


Figure  18*12  Schematic 
representation  of  the  proposed  phases 
of  regeneration  of  the  inferior  sensor)' 
epithelium  following  noise  exposure. 
Normal  (pre  exposure)  border, 
hyaline,  and  cuboldal  epithelial  cells 
arc  shown  on  the  inferior  basilar 
membrane  at  the  left.  The  superior 
normal  sensory  epithelium  Is  to  the 
right.  Time  after  noise  exposure  is  on 
the  X  axis.  Phase  1:  Migration  of  border 
cells  or  hyaline  cells  or  cuboldal  cells 
to  cover  basilar  membrane  exposed  by 
lost  hair  cells  and  supporting  cells. 
Phase  II:  Proliferation  of  border  cells 
to  increase  cell  number.  Phase  HI. 
Differentiation  of  proliferating  ccf'S 
Into  hair  cells  and  supporting  cells. 
Phase  IV,  Maturation  of  the 
regenerated  sensory  epithelium. 
(Modified  from  Girod  DA,  Duckcrt  LG, 
Rube!  E\V,  Possible  precursors  of 
regenerated  hair  cells  in  the  avian 
cochlea  following  acoustic  trauma. 
Hear  Res  1989, -12 175-19*.) 
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ificti  epithelium  and  may  show  nuclear  trans¬ 
location  from  the  basilar  membrane  to  the  lu¬ 
men  during  mitosis  (Presson  and  Popper, 
1990a),  As  cells  leave  *he  mitotic  cycle,  the 
epithelium  thickens  and  a  portion  of  the  cells 
rapidly  begin  to  differentiate  Into  hair  cells. 


TTie  incipient  hair  cells  can  be  recognized  as 
they  migrate  toward  the  lumen  by  their  rela¬ 
tively  greater  cytoplasmic  staining  density, 
which  Is  associated  more  with  organelles  than 
with  surrounding  support  cells.  After  the  api 
cal  tip  of  the  differentiating  hair  ceil  contacts 
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the  luminal  surface,  specializations  begin  to 
appear.  These  specializations  include  small  mi¬ 
crovilli,  immature  stercbcilia,  and  condensa¬ 
tion  of  actin  filaments  into  a  cuticular  plate 
(see  later).  These  and  other  surface  modifica¬ 
tions  have  been  described  in  detail  by  others 
(Cotanche,  1987a;  Cotanche  and  Corwin, 
1990;  Marsh  ct  al ,  1990).  During  the  next  30 
days,  the  new  hair  cells  mature  to  the  point 
that  they  are  indistinguishable  (except  for  }H 
thymidine  labelling)  from  normal  hair  cells  in 
that  part  of  the  cochlea.  As  discussed  later  in 
this  chapter,  even  such  individualized  and  spe¬ 
cialized  features  as  number  and  height  of  stc- 
reociha  appear  to  be  replicated  in  the  postern* 
bryonically  produced  hair  cells,  suggesting 
that  whatever  factors  regulate  these  gradients 
in  the  embryo  persist  into  adulthood  or  also 
emerge  from  the  damaged  epithelium. 

In  a  few  cases  we  have  observed  hair  cell 
loss  limited  to  a  strip  of  cells  lying  at  the  Junc¬ 
tion  between  short  hair  cells  and  long  hair 
cells  (Cotanche  ct  al.,  1987),  In  these  cases, 
we  have  not  observ  ed  proliferation  of  the  bor* 
der  or  hyaline  cells,  suggesting  that  another 
cell  population  is  generating  the  new  hair 
cells.  We  have  not  yet  identified  this  progeni¬ 
tor  population;  it  could  be  (lie  support  cells 
suggested  by  Corwin  and  Cotanche  (1988)  or 
a  population  of  stem  cells  that  has  heretofore 
remained  unrecognized. 

Because  most  of  the  damaged  animals  that 
have  been  studied  with  radioactive  thymidine 
have  sustained  short  hair  cell  damage,  it  is  not 
surprising  that  mostly  short  hair  cell  regenera¬ 
tion  has  been  seen.  Wc  have,  however,  occa¬ 
sionally  seen  labelled  tall  hair  cells,  suggesting 
that  both  types  can  be  produced  postembry* 
onically  The  few  tall  hair  cells  observed  were 
always  at  an  appropriate  location,  superior  to 
the  short  hair  cells.  Early  in  the  regeneration 
process  following  noise  damage,  the  tectorial 
membrane,  also  destroyed  by  overstimulation, 
is  re  formed  (Cotanche,  1987b),  Its  rcconsti- 
tution  may  be  important  for  the  alignment  of 
stereocilia  bundles  (Cotanche  and  Corwin, 
1999) 

Do  Regenerated  Hair 
Cells  Restore  Hearing? 

Tlie  ability  of  regenerated  hair  cells  to  re¬ 
store  hearing  after  sensorineural  damage  is  of 
obvious  importance.  This  issue  has  been  diffi- 
cult  to  evaluate  following  noise  damage  for 
two  reasons  First,  high  intensity'  noise  expo¬ 
sure  severely  disrupts  the  integrity  of  the  tec¬ 


torial  membrane  (TM)  (Cotanche,  1987b) 
Reconstitution  of  the  TM  and  its  interaction 
with  the  surviving  hair  cells  precedes  matura¬ 
tion  of  the  regenerated  hair  cells  and  appears 
correlated  with  evoked  response  threshold  re¬ 
covery  (McFadden  and  Saunders,  1989)  Sec¬ 
ond,  in  addition  to  loss  and  regeneration  of 
hair  cells  and  TM,  there  are  likely  to  be  a  vari¬ 
ety  of  other  changes  that  complicate  making 
direct  structure-function  correlations.  For  ex¬ 
ample,  Ryals  et  al  ( 1990)  have  shown  continu¬ 
ing  loss  of  ganglion  cells  for  several  weeks  fol¬ 
lowing  noise  trauma  even  though  hair  cells 
are  regenerating.  Thus,  there  is  likely  to  be 
continual  remodeling  of  synaptic  connections 
in  the  inner  car  during  this  period.  Finally,  we 
have  not  observed  noise  damage  that  ever 
produces  complete  loss  of  hair  cells  in  any 
part  of  the  cochlea.  Although  the  site  of  lesion 
can  be  made  quite  specific  by  using  pure  tone 
exposure  (Ryals  and  Rube!,  1982;  Rubel  and 
Ryals,  1982),  some  hair  cells  always  remain  in 
the  injured  area.  Thus,  the  extent  to  which  the 
remaining,  presumably  injured,  hair  cells  arc 
responsible  for  restoration  of  hearing,  as  op¬ 
posed  to  new  hair  cells,  is  difficult  to  deter¬ 
mine. 

To  avoid  some  of  these  problems  we  have 
examined  functional  recovery  primarily  in  an¬ 
imals  treated  with  aminoglycosides.  After  5 
days  of  aminoglycoside  treatment  at  the  dos¬ 
age  of  gentamicin  we  typically  use  (50  mg/kg 
body  wt/day),  there  is  virtually  complete  loss 
of  both  tall  and  short  hair  cells  in  the  basal  25 
percent  of  the  cochlea.  Thus,  in  this  region, 
recovery  of  function  must  be  due,  in  part,  to 
regenerated  hair  cells.  Furthermore,  as  will  be 
apparent  below,  the  protracted  time  course  of 
hair  cell  loss  and  recovery  has  allowed  some 
structure/function  correlations  to  be  made. 

We  have  undertaken  two  experiments 
aimed  at  revealing  functional  properties  of  re¬ 
generated  hair  cells.  In  both  experiments  neo¬ 
natal  chicks  were  given  10  days  of  gentamicin 
(50  nigkg'day).  Control  animals  were  given 
either  vehicle  injection  or  no  injections,  but 
were  matched  for  age.  In  the  first  experiment, 
one  subgroup  of  animals  was  tested  after  5 
days  of  aminoglycoside.  The  other  groups 
were  tested  either  after  10  days  of  aminogly¬ 
coside  injections  or  were  allowed  to  survive  1 
to  24  weeks  with  no  further  manipulations. 

In  the  first  study  (Tucci  and  Rubel,  1990), 
evoked  potential  thresholds  were  determined 
by  recording  from  electrodes  implanted  in  the 
brainstem  in  a  region  near  the  cochlear  nuclei. 
Short  tone  bursts  ranging  in  frequency  from 
.250  kHz  to  5  kHz  were  used  as  the  stimuli 
and  separate  groups  of  8  to  16  chickens  were 
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Figure  18-13  Evoked  potential 
thresholds  in  dB  SPL,  mein  (-  one 
standard  deviiuon),  for  experimental 
(EUcd  circles)  and  control  (open 
symbols)  animals  at  the  survival 
Intervals  indicated  following 
gentamicin  treatment.  (From  Tuccl 
HI-  Rubcl  E\V.  Physiological  status  of 
regenerated  hair  cells  in  thc  avian 
inner  ear  following  aminoglycoside 
ototoxicity.  Otolaryngol  Head  Neck 
Surg  1990.  10.1-113  150.) 


FREQUENCY  (Hi) 


studied  at  tlte  following  survival  times:  5  days 
of  aminoglycoside  treatment  plus  I  day  recov¬ 
ery,  10  days  aminoglycoside  plus  recovery 
times  of  1  day,  1  week,  2  weeks,  3  weeks,  4 
weeks,  5  weeks,  and  16  to  20  weeks.  Genta¬ 
micin  injections  were  begun  on  the  day  of 
birth.  Thus,  separate  age-matched  control 
groups  (n  =  5  per  group)  were  also  examined 
for  comparison  with  each  of  the  experimental 
groups.  In  addition  to  the  electtophysiologic 
experiments,  a  cohort  of  animals  (three  to 
four)  front  selected  groups  was  used  for  mor¬ 
phologic  analyses.  One  ear  of  these  animals 
was  processed  for  scanning  electron  micros¬ 
copy  (SEM)  and  the  other  ear  was  studied  by 
transmission  electron  microscopy  (THAI).  The 
SF.M  studies  allow  for  comparison  of  the  pat¬ 
terns  of  hair  cell  loss,  and  then  recovery,  with 
the  elcctrophysiologic  results  (Girod  et  al, 
1990);  the  TEM  studies  (Duckert  and  Rubel, 
1990)  allow  the  study  of  ultrastructural  prop¬ 
erties  of  regenerated  hair  cells  and  their  asso¬ 
ciated  neural  elements. 

Figure  18-13  summarizes  the  results  of 
our  electrophyslologic  studtes.  Each  panel  of 
this  figure  shows  the  mean  evoked  potential 
thresholds  as  a  function  of  stimulus  frequency 


for  gentamicin  treated  and  control  chicks  at  the 
survival  times  Indicated.  Panels  a  and  b  show 
data  from  animals  1  day  after  5  days  or  10  days 
of  aminoglycoside  treatment,  respectively.  At 
these  early  times,  significant  hearing  loss  is  re¬ 
stricted  to  frequencies  above  1.5  kHz.  The 
ev  oked  potential  threshold  elevation  ranges  be¬ 
tween  10  dB  in  the  mid  frequencies  to  25  dB  at 
high  frequencies.  At  these  times,  hair  cell  loss 
appears  restricted  to  the  basal  (proximal)  20  to 
30  percent  of  the  cochlea.  In  fact,  the  basal  20 
percent  is  nearly  entirely  devoid  of  mature  hair 
ccllsat  this  time  (Fig.  18-14). 

The  results  shown  in  Figure  18-13,  A  (5 
days  of  gentamicin)  are  somewhat  surprising 
At  this  time  there  is  essentially  complete  loss 
of  hair  cells  in  the  Ins.il  20  percent  of  the  co¬ 
chlea  and  the  remaining  80  percent  appears 
essentially  normal  In  SEM  In  contrast,  the 
hearing  loss  is  relatively  mild  (10  to  15  dB)  at 
the  high  frequencies  and  extends  down  to  the 
mid  frequencies  (2  kHz).  The  pattern  of  hair 
cell  damage  seen  in  SEM  might  be  expected  to 
produce  greater  threshold  shift  at  high  fre¬ 
quencies  and  a  more  restricted  frequency 
range  of  threshold  shift.  Two  explanations  ap¬ 
pear  likely.  First,  evoked  potentials  to  short 
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Figure  18-14  Scanning  electron  micrograph  of  proximal  (basal)  portion  of  the  basilar  papilla,  approximately  400 
microns  from  the  tip,  1  day  following  5  days  of  aminoglycoside  treatment  Newly  erupted  hair  cells  arc  identified  by 
stcrcocilla  tufts  (arrows).  Bar  *  10  jrm.  Insert.  Higher  magnification  scanning  electron  photomicrograph  of  newly 


regenerated  hair  cell  identified  by  sensory  hair  tuft.  Bar  »  2  pm,  (From  Duckcrt  LG,  Rubel  EW,  Ultrastructural  ob 
nervations  on  regenerating  hair  Cells  In  the  chick  basilar  papilla.  Hear  Res  1990, 48.161-182.) 


tone  bursts  do  not  provide  particularly  “place- 
specific"  information  about  the  site  of  co¬ 
chlear  damage.  Second,  the  aminoglycoside 
treatment  has  probably  caused  damage  to  die 
intact  hair  cells  that  is  not  apparent  in  our 
S1IM  observation.  It  is  important  to  remember 
that  the  presence  of  hair  cells  with  intact  ste- 
reoedia  cannot  be  taken  as  evidence  that  they 
are  mctabolically  and  functionally  normal. 

By  4  to  5  weeks  after  the  aminoglycoside 
treatment  (Fig.  18-13,  F  and  G),  significant 
evoked  potential  threshold  shifts  arc  seen 
throughout  the  frequency  range  examined. 
The  hearing  loss  at  low  frequencies  (under  1.5 
kHz)  averages  20  to  25  dB,  but  at  higher  fre¬ 
quencies  it  tends  to  be  greater  (35  to  50  dB). 

The  pattern  of  hair  cell  morphology  seen 
by  SEM,  although  complex,  is  consistent  with 
the  functional  data.  In  the  basal  region  of  the 
cochlea,  some  hair  cell  regeneration  has  oc¬ 
curred,  but  the  stereocilia  orientation  is  in  dis¬ 
array,  In  addition,  many  hair  cells  appear  dam 
aged  and  the  others  appear  immature.  It  is  en¬ 


tirely  possible  that  the  process  of  hair  cell  loss 
and  recovery  is  still  occurring  The  damaged 
region  has  now  spread  to  include  all  but  the 
apical  pole  of  the  cochlea  by  this  time. 
Throughout  this  region  large  patches  devoid 
of  hair  cells  are  observed  intermixed  with  de¬ 
generating  hair  cells  immature  regenerating 
hair  cells,  and  normal  appearing  hair  cells  (Fig. 
18-15). 

In  this  study,  the  next  time  points  exam¬ 
ined  were  16  and  20  weeks  after  the  amino¬ 
glycoside  treatment  (Fig  18-13,  //).  The  re¬ 
sults  were  similar  and  are  combined  in  the 
figure,  but  inspection  of  the  raw  data  reveals 
that  the  recovery  process  is  still  occurring,  the 
20-week  animals  show  slightly,  but  consis¬ 
tently,  lower  thresholds  than  the  16-week  ani¬ 
mals.  In  both  groups,  it  is  apparent  that  con¬ 
siderable  functional  recovery'  has  occurred. 
Once  again,  significant  hearing  loss  is  re¬ 
stricted  to  high  frequencies.  Below  2  kHz, 
thresholds  are  either  normal  or  within  10  dB 
of  normal.  These  results  are  also  consistent 
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Figure  18-15  Scanning  electron  micrograph  of  the  proximal  one-third  of  the  reticular  surface  at  28  days  following 
gentamicin  treatment.  Numerous  "giant"  hair  cells  (arrows)  arc  randomly  distributed  across  the  surface.  Urge  areas 
arc  devoid  of  normal  hair  cells  and  the  mosaic  pattern  is  disrupted.  Bar  «  100  pm.  (From  Duckcrt  LG,  Rubcl  fcW 
(Jltrastructural  observations  on  regenerating  hair  cells  in  the  chick  basilar  papilla  Hear  Res  1990, 48.161-182 ) 


with  our  SEM  observations  on  the  cochlcas 
from  these  animals.  By  20  weeks,  most  of  the 
cochlea  appears  almost  normal.  There  arc 
some  defects  in  the  packing  of  hair  cells  and 
the  cell  surfaces  appear  slightly  larger  than 
normal,  suggesting  that  the  full  complement  of 
hair  cells  may  not  have  been  replaced.  At  the 
basal  end,  however,  some  disorganization  is 
still  apparent,  particularly  in  the  alignment  of 
stcreoctha  bundles,  which  may  be  the  reason 
for  the  hearing  loss  seen  at  the  high  frequen¬ 
cies.  The  fact  that  functional  improvement  is 
still  occurring  between  16  and  20  weeks  fol¬ 
lowing  the  drug  treatment  suggests  that  with 
longer  survival  times,  the  basal  part  of  the  co¬ 
chlea  may  show  further  morphologic  and 
functional  recovery. 

The  protracted  time  course  of  recovery 
following  aminoglycoside  treatment  enticed 
us  to  attempt  dissociating  recover)’  of  hair  cell 
function  and  eighth  nerve  function.  Iliac  is, 
we  wished  to  ascertain  whether  recover)’  of 
hair  cell  function  was  coincident  with  or  pre¬ 
ceded  rerovery  of  evoked  potentials,  litis  in¬ 
formation  is  important  in  that  il  can  indicate 
whether  formation  of  the  receptor  complex  is 
the  only  barrier  to  functional  recover)’  or  tf 
maturation  of  mature  connections  with  gan¬ 
glion  cells  and  the  central  nervous  system  im¬ 
poses  further  constraints.  To  address  these  is¬ 
sues,  we  have  begun  studying  evoked-,  oto- 
acoustic  emissions  (Kemp,  1978)  in  chicks 
during  the  course  of  hair  cell  regeneration 
(Norton  et  al,  1990) 

In  this  study,  vve  again  treated  newborn 
chicks  with  gentamicin  (50  mg/kg/ day )  for  10 
days.  These  animals  and  age-matched  controls 


were  studied  from  1  day  to  22  weeks  follow¬ 
ing  the  treatment.  In  addition  to  examining 
tone  burst -evoked  potentials  recorded  from 
brainstem  electrodes,  acoustic  distortion 
products  (ADPs)  produced  by  tones  ranging 
from  0.5  kHz  to  5.0  kHz  were  studied.  The 
acoustic  distortion  products  were  produced 
by  simultaneously  presenting  two  tones  at  a 
frequency  ratio  of  ly/ly  »  1 ;  1.5.  The  levels  of 
the  two  tones  were  equal  and  ranged  from  20 
dB  SPL  to  80  dB  SPL  in  5  dB  steps.  Cubic  dif¬ 
ference  tones  (2F,  -  F2)  were  recorded  with 
an  Etymotic  ER  10B  probe  microphone  assem¬ 
bly  sealed  to  the  car  canal.  The  cubic  differ¬ 
ence  tone  emission  at  low  stimulus  intensities 
has  been  shown  to  be  a  sensitive  indicator  of 
outer  hair  cell  Integrity  in  mammals  (Brown 
et  al,  1989)  3nd  docs  not  depend  on  the  integ¬ 
rity  of  the  eighth  nerve  (Horner  et  al,  1985, 
Arts  et  al,  1990). 

The  changes  in  evoked  potential  thresh¬ 
olds  generally  replicated  those  of  our  earlier 
study,  discussed  above.  Threshold  elevations 
were  first  observed  at  high  frequencies  and 
then  at  all  frequencies  tested.  Between  1  and 
22  weeks  there  was  a  gradual  improvement  in 
thresholds,  first  at  low  and  mid  frequencies 
and  later  at  high  frequencies.  Figure  18  16,  A 
shows  the  time  course  of  evoked  potential 
threshold  shifts  and  ADP  threshold  shifts  to  a 
1 500  Hz  stimulus  relative  to  age-matched  con¬ 
trol  animals.  The  abrupt  evoked  potential 
threshold  elevation  seen  at  10  to  12  weeks 
was  a  consistent,  unexplained  finding.  We  sus¬ 
pect  it  is  related  to  synaptic  remodeling  that 
occurs  because  of  transneuronal  degeneration 
of  some  ganglion  cells  and  subsequent  rein- 
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Figure  18*16  A,  Comparison  of  evoked  potential  (EP)  threshold  and  acoustic  distortion  product  (ADP)  threshold 
recovery  following  10  day  treatment  of  gentamicin  In  neonatal  chicks.  Mean  threshold  shift  (compared  to  age* 
matched  control  animals)  as  a  function  of  weeks  after  gentamicin  treatment.  For  EPs,  the  stimulus  was  a  1500  Hz 
tone  burst.  For  ADPs,  F*  equaled  1500  Hz  and  F,  equaled  1 151  Hz  (F^/F,  *  1.3).  Note  that  ADP  threshold  recov¬ 
ered  by  10  to  12  weeks.  While  EP  threshold  recovered,  some  residual  hearing  loss  persisted  until  22  weeks.  D,  ADP 
input/output  functions  during  recovery.  Mean  ADP  level  is  plotted  as  a  function  of  stimulus  level.  All  data  arc  to  F2 
«  1500  Hz  stimulus  (F,  “  1154  Hz).  The  levels  of  F,  and  F,  were  equal  and  the  frequency  ratio  was  Fj/F,  ■  1.3. 
Mean  Input-output  function  from  control  animals  (open  triangles)  is  compared  to  mean  values  obtained  at  various 
times  (from  1  day  to  22  weeks)  after  the  gentamicin  treatment. 


nervation  of  regenerating  as  well  as  surviving 
hair  cells. 

As  seen  in  Figure  18*16,  A,  the  time 
course  of  ADP  recover)’  is  parallel  to,  but  not 
coincident  with,  evoked  potential  recovery. 
ADP  thresholds  at  F2  *  1.5  kHz  have  recov¬ 
ered  to  within  5  dB  of  normal  by  10  to  12 
weeks  after  the  aminoglycoside  treatment, 
whereas  evoked  potential  thresholds  approach 
normal  levels  at  22  weeks.  Tin's  difference, 
which  was  seen  at  all  frequencies,  suggests 
that  hair  cell  recovery  precedes  neural  recov¬ 
er),  by  several  weeks.  The  site  of  this  delay 
will  require  further  investigation. 

Figure  18-16,  show's  averaged  input- 
output  functions -Tor  ADPs  as  a  function  of 
stimulus  intensity.  The  separate  lines  repre¬ 
sent  various  times  after  the  termination  of 
gentamicin  treatment  from  1  day  to  22  weeks. 
In  normal  mature  animals,  ADP  input-output 
functions  may  reflect  two  components  that 
have  different  biologic  generators  or  cellular 
mechanisms.  Emissions  to  low  and  moderate 
intensity  sounds  arc.  extremely  vulnerable  to 
anoxia,  tend  to  saturate  as  intensity  is  in¬ 
creased,  and  appear  to  be  ATP  dependent.  At 
higher  intensities,  emissions  are  less  vulnera¬ 
ble  to  insult  and  rise  linearly  with  stimulus  in¬ 
tensity  (Norton  and  Kubel,  l990).  Initially  (l 


day),  the  threshold  is  shifted  and  only  emis¬ 
sions  to  high  level  stimuli  (>65  dB)  arc  seen. 
At  these  relatively  high  intensities,  the  ADPs 
lend  to  be  linearly  related  to  stimulus  inten¬ 
sity.  Around  8  to  10  weeks,  the  threshold  is 
reduced  and  the  input-output  function  begins 
to  show  saturation,  suggesting  that  ’‘active"  el¬ 
ements  arc  becoming  functional.  However  the 
ADP  dynamic  range  remains /reduced.  By  22 
weeks,  the  ADP  ir.put-output  function  (at  F2  = 
1.5  kHz)  has  fully 'recovered. 

In  summary,  the  studies  reported  above 
strongly  suggest  that  the  regenerated  hair  cells 
are  functional  and  relay  information  to  the 
central  nervous  system.  In  addition,  regions  of 
the  cochlea  that  appear  morphologically  nor¬ 
mal  correspond  to  the  frequencies  at  which 
response  parameters  also  show  the  best  recov¬ 
ery,  This  correlation  suggests  that  the  regener¬ 
ated  hair  cells  develop  the  frequency  specific¬ 
ity  characteristics  appropriate  to  their  co¬ 
chlear  location.  While  we-have  shown  results 
consistent  with  these  conclusions,  several  im 
portant  avenues  of  functional  research  remain 
to  be  carried  out.  At  this  time  little  Is  known 
about  behavioral  capacities  during  regenera 
tion.  In  addition,  single  unit  recordings  from 
the  eighth  nerve,  coupled  with  axonal  injec¬ 
tions  of  label  to  determine  which  fibers  con 
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ncct  to  regenerated  hair  edis,  arc  needed  to 
prove  their  functional  ouabain-,  finally,  it 
would  be  extremely  uncrating  to  examine 
the  development  of  ionic  channels  and  fre¬ 
quency  tuning  in  isolated  regenerating  hair 
cells. 

Ultras tructural  Properties 
of  Regenerated  Hair  Cells 

Along  with  the  functional  studies  re¬ 
ported  above,  our  group,  as  wdl  as  other 
groups  (eg,  Cotanebe.  1987a;  Marsh  ct  al. 
1990;  Cdtanchc  and  Corwin,  1990),  have  be¬ 
gun  to  study  the  ultrastructural  propcnics  of 
the  regenerated  epithelium  following  noisc-sn- 
duced  or  drug-induced  damage.  In  this  section 
1  will  briefly  describe  ultrastructural  observa¬ 
tions  on  the  regenerated  hair  cells  following 
aminoglycoside’ treatment  More  detailed  de¬ 
scriptions  can  be  found  in  Duefcert  and  Rubcl 
(1990). 

The  two  issues  to  be  addressed  here  arr 
related  to  the  conclusions  we  have  drawn 
from  our  functional  analyses,  first,  it  ivofin- 
1  crest  to  determine  if  regenerated  hair  cells 
make  synaptic  connections  with  the  central 
nervous  system  and,  if  so.  the  lime  course 
over  which  these  connections  mature.  Second, 
because  in  normal  animals  the  stercoeilia  bun¬ 
dle  morphology  varies  precisely  as  a  function 
of  cochlear  location,  it  is  important  to  exam¬ 
ine  the  number,  length,  and  orientation  of  stc- 
rcocilia  bundles  on  regenerated  hair  cells. 
These  stercoeilia  properties  arc  thought  to  be 
related  to  functional  properties  of  mature  hair 
cells  and  their  coupling  to  the  tectorial  mem' 
branc. 

Synaptic  Connections  with 
Regenerated  Hair  Cells 

To  study  the  establishment  of  synaptic 
connections  with  regenerating  hair  ceils,  we 
took  advantage  of  the  fact  that  aminoglycoside 
treatment  with  the  parameters  noted  above 
destroys  virtually  all  mature  hair  cells  in  the 
basal  part  of  the  newly  hatched  chick  cochlea. 
Therefore,  by  concentrating  our  TEM  analysis 
on  this  region,  we  were  assured  that  synaptic 
complexes  were  associated  with  regenerating 
as  opposed  to  "surviving’'  or  degenerating 
hair  cells.  The  principal  questions  we  wish  to 
address  here  arc  ( I )  when  can  afferent  and  ef¬ 
ferent  terminals  be  recognized  on  the  regener¬ 
ating  hair  cells;  and  (2)  what  is  their  relative 


osarilT?  More  detailed  analyses  Kxvohisg 
quantitative  studies  of  svxopiologr  arc  in 
progress. 

Immature  ccCs  destined  to  become  hair 
erfb  can  be  recognized  soco  aSer  they-  begin 
ohgrsiing  from  the  hasibr  membrane  toward 
the  luminal  surface.  In  contrast  to  the  support¬ 
ing  ccDs,  the  cytoplasm  of  regenerating  her 
cdb  is  nx>rc  dcctroa  dense  because  of  2n  in¬ 
crease  in  the  number  of  organdies.  As  the 
ccQs  approach  the  luminal  surface  this  differ¬ 
ence  increases.  A  good  example  is  shown  in 
figure  18-17.  The  three  immature  hair  ceils 
lined  up  under  the  luminal  surface  show  pro¬ 
gressively  decreasing  electron  density,  but  2JI 
are  more  dense  than  the  surrounding  support 
cd&  Circled  dements  in  figure  18-17  arc 
nerve  fibers  in  dose  approximation  to  an  im¬ 
mature  hair  cell,  which  has  yet  to  reach  the  lu¬ 
minal  surface  or  to  produce  stercoeilia. 

figure  18-18  shows  afferent  synaptic  ter¬ 
minals  on  regenerated  hair  cells.  Afferent  syn¬ 
aptic  complexes  on  immature  cdk  are  seen  as 
early  as  w  e  have  looked.  They  arc  seen  1  day 
after  the  termination  of  gentamicin  treatment, 
but  arc  more  numerous  at  1  week  or  4  weeks. 
They  arc  found  both  on  cells  that  have 
reached  the  luminal  surface  (erupted),  which 
are  beginning  to  produce  stercoeilia.  and  on 
uncnjpted  cells.  The  synoptic  complexes  ap¬ 
pear  immature,  but  have  the  full  complement 
of  specializations  including  synaptic  ball,  vesi¬ 
cles,  prcsyrupiic  density,  and  postsvnaptic 
density.  The  terminals  arc  usually  boutons  and 
arc  less  densely  packed  than  on  normal  cells. 
We  have  not  examined  the  innervation  pat¬ 
tern  beyond  4  weeks  following  the  gentamicin 
treatment 

VesicuJated  terminals,  which  arc  presum¬ 
ably  efferents  from  the  central  nervous  sys¬ 
tem,  arc  also  seen  on  both  erupted  and 
unerupted  immature  hair  cells  (fig  18-19). 
These  have  not  been  observed  prior  to  1  week 
after  aminogl)  coside  treatment  In  both  nor* 
mal  and  regenerating  cochlcas,  they  tend  to 
occur  most  often  on  short  hair  cells.  Typically 
the)’  arc  packed  with  synaptic  vesicles.  Often, 
but  not  always,  suhsynaptic  cistcrna  arc  seen. 
At  early  times,  these  endings  tend  to  be  bou¬ 
tons  while  at  later 'survival  times  and  in  nor¬ 
mal  animals  they  form  flattened  cups  around 
the  base  of  the  short  hair  cells. 

Thus,  both  afferent  and  efferent  terminals 
can  be  identified  early  in  the  regeneration  pro¬ 
cess.  We  have  observed  both  types  of  termi¬ 
nals  on  erupted  and  on  nonenipted  cells,  and 
all  the  normal  components  arc  present.  Fur¬ 
ther  analjscs  will  be  required  to  describe  the 


Figure  18-17  Transmission  electron  photomicrograph  showing  erupted  and  unempted  regenerated  hair  ceils  JS 
day s  after  gentamicin  treatment  The  ceils  at  the  surface  arc  rotund  with  a  basal!)-  located  nucleus  (NX  Note  increas¬ 
ing  electron  density  as  cells  migrate  toward  the  surface.  Cu  *  cuitcular  plate;  arrows  =  mydm  figures.  Kenc  fibers 
are  circled.  Bar  =  10  jim.  (From  Ductal  LG.  Rubcl  EW.  Lluastructural  observations  on  regenerating  hair  cells  In 
the  chick  basilar  papilla.  Hear  Res  1990;  48  16M82.) 


maturation  of  synapses,  which  may  be  impor¬ 
tant  for  understanding  the  (ag  between  recov¬ 
ers*  of  hair  cell  function  (emissions)  and  re- 
cot  cry  of  evoked  potential  thresholds. 

Stereocilia 

The  maturation  of  stereocilia  in  regenerat¬ 
ing  hair  cells  has  been  described  by  a  number 
of  investigators  (Cotanchc,  1987a;  Henry  ct  al, 
1988;  Girod  ct  al,  1989;  Duckert  and  Rubcl, 
1990).  Recently,  Cotanchc  and  Corwin 
( 1990)  have  provided  quantitative  analyses  of 


stereocilia  bundle  orientation  during  regener¬ 
ation  following  noise  trauma.  They  showed 
that  the  orientation  of  stereocilia  bundles  ini¬ 
tially  varies  over  approximately  100  degrees. 
Then,  over  approximately  4  days,  the  bundles 
became  aligned  with  those  of  other  regenerat¬ 
ing  cells  and  with  the  orientation  of  surviving 
hair  cells  surrounding  the  lesion.  In  their 
study,  this  change  took  place  rapidly,  between 
6  days  and  10  days  following  the  sound  expo¬ 
sure.  Although  the  reorientation  of  stereocilia 
bundles  following  aminoglycoside  ototoxicity 
has  not  been  quantified,  the  same  general  phe¬ 
nomenon  has  been  seen,  but  with  a  much 


Figure  18-18  A,  Small  bouton  afferent  none  endings  (N  )  opposed  to  basal  portion  of  regenerated  sensory  hair  cell 
1  day  following  termination  of  gentamicin  treatment  Arrow  -  synaptic  complex  consisting  of  synaptic  ball  and 
vesicles.  Bar  =•  1  pm.  D,  High  magnification  of  synaptic  complex  in  a  regenerated  hair  cell  1  day  following  termina 
tion  of  gentamicin  treatment  Note  row  of  vesicles  surrounding  synaptic  ball  (circles).  A  granular  synaptic  mem 
branc  (arrows)  is  found  between  the  hall  and  the  cell  membrane.  Bar  -  0,5  pm.  C  Transmission  electron  photo¬ 
micrograph  of  primitive  regenerated  hair  cells  7  days  following  termination  of  gentamicin  treatment  The  more  ma 
Cure  sensory  cells  are  more  densely  stained  than  the  uncruptcd  precursor  cell  below  the  reticular  surface.  Numcr 
ous  afferent  nerve  terminals  (arrows)  approximate  the  basal  portion  of  both  erupted  and  uncrupted  sensory  cells. 
Bar  =  5  pm.  (From  Duckert  LG,  Rubcl  EW,  Lltrastructural  observations  on  regenerating  hair  cells  in  the  chick  basi 
lar  papilla.  Hear  Res  1990;  (8.161-182.) 


222 


COFACTOJS  LV  DEVELOPMENT  AND  AGING 


Figure  18-19  Transmission  electron  micrograph  showing  both  afferent  (A)  and  efferent  (E)  nerve  terminals  op¬ 
posed  to  the  basal  portion  of  an  unerupted  prumtnc  sensor)'  hair  cell  7  days  following  termination  of  genumicm 
treatment.  The  efferent  terminal  contains  multiple  small,  round  vesicles  in  addition  to  mitochondria.  A  synaptic 
complex  (arrow)  opposes  the  afferent  terminal  Bar  »  1  pm.  (From  Duckert  LG,  Rube!  EVP.  Ultrastru crural  obser- 
rations  on  regenerating  hair  eelb  in  the  Chick  basilar  papilla.  Hear  Res  1990;  48  16M82.) 


longer  time  course  (DucKcrt  and  Rubcl, 
1990)  SEM  observations  indicate  !ihat  at  5 
weeks  after  gentamicin  treatment,  stcrcocilia 
bundles  throughout  the  basal  tw  o-thirds  of  the 
cochlea  arc  disoriented.  By  10  to  12  weeks, 
some  reorientation  is  apparent  in  the  middle 
region,  but  in  the  basal  and  mid  basal  regions 
high  variability  still  predominates.  By  22 
w'ccks,  all  but  the  basal  region  appears  to 
show  consistent  bundle  orientation. 

In  the  chick  cochlea,  stcrcocilia  bundles 
vary  systematically  in  length  and  number  of  el¬ 
ements  (Tilncy  and  Saunders,  1983)-  At  the 
basal  end  the  bundle  consists  of  many  (200  to 
300)  individual  stcrcocilia  and  the  tallest  row 
extends  —5  pm  from  the  hair  cell  surface;  to¬ 
ward  the  apical  end,  the  number  decreases 
and  the  height  increases.  Development  of  this 
gradient  has  been  studied  in  detail  by  Tilncy 
ct  al  (1986,  1988).  It  is  of  considerable  inter¬ 
est  to  understand  the  signals  underlying  the 
ontogeny  of  this  pattern  and  it  might  be  ex¬ 
pected  that  these  signals  arc  restricted  to  the 
embryologic  period.  To  begin  addressing  this 


issue  we  have  begun  examining  the  number 
and  height  of  stcrcocilia  in  regenerated  hair 
cells.  Although  few  measurements  have  been 
obtained  to  date,  even  cursor)’  observation  re¬ 
veals  the  striking  Ending  that  after  20  to  25 
W'ccks,  the  normal  patterns  have  been  re¬ 
stored.  The  height  of  stcrcocilia  of  regener¬ 
ated  hair  cells  appears  identical  to  that  of  the 
remaining  hair  cells  at  any  given  position 
along  the  cochlea,  and  at  the  basal  end,  the  cn 
tire  complement  of  new  hair  cells  has  short 
stcrcocilia.  The  number  of  stcrcocilia  has  been 
counted  on  several  mature-appearing  regener¬ 
ated  hair  cells  from  the  basal  region  in  a 
4-week  survivor.  The  number  was  between 
1 50  and  1 70  per  cell,  which  is  comparable  to 
the  number  reported  by  Tilncy  and  Saunders 
(1983).  Examples  of  stcrcocilia  on  a  regener¬ 
ated  hair  cell  from  the  basal  region  of  a  gen¬ 
tamicin-treated  animal  and  a  normal  hair  cell 
from  approximately  the  same  region  of  a  con¬ 
trol  animal  are  shown  in  Figures.  18-20,  A  and 
18-20,  D,  respectively.  Without  more  exten¬ 
sive  measurements  of  stcrcocilia  height  and 
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Figure  18-20  Comparison  of  siereodlu  on  regenerated  and  normal  basal  short  hair  cells*  A,  At  2(>  )ays  following 
termination  of  gentamicin  treatment  the  stereoala  bundle  is  centrally  located  on  the  apical  surface  of  the  regener¬ 
ated  hair  celt  The  staircase  orientation  is  easily  recognized.  The  stef  eocilla  bundle  is  better  organized  than  at  earlier 
times,  and  the  tightly  packed  hexagonal  lattice  configuration  observed  in  normal  control  animals  is  seen.  B,  Apical 
surface  of  short  sensor)-  hair  cell  from  control  animal  showing  hexagonal!)-  packed  lattice  of  stcreoalia.  Bar  *»  2  pm. 


number  throughout  the  length  of  the  cochlea, 
the  precision  of  this  pattern  cannot  be  evalu¬ 
ated,  but  our  observations  to  date  strongly 
suggest  that  the  signals  regulating  this  pattern 
persist  in  the  mature  avian  cochlea.  The  site  of 
these  signals  remains  to  be  determined.  They 
may  be  expressed  by  the  genome  of  the  stem 
cell  population  or  be  obtained  from  the  local 
environment  of  the  differentiating  hair  cells. 


Regeneration  of  Hair 
Cells  in  the  Vestibular 
Epithelium 


In  the  cochlear  portion  orthe  postnatal 
avian  inner  ear,  neither  we,  nor  other  investi¬ 
gators  have  observed  ongoing  proliferation  of 
hair  cells.  That  is,  in  control  animals  and  in  re¬ 
gions  outside  of  an  area  subjected  to  noise 
damage,  thymidine  incorporation  studies  have 
not  revealed  labeled  hair  cells.  In  the  vestibu¬ 
lar  epithelium,  on  the  other  hand,  Jorgensen 
and  Mathicscn  (1987)  reported  a  low  rate  of 
hair  cell  and  support  cell  proliferation  in  ma¬ 
ture  budgerigars.  We  have  recently  confirmed 
this  observation  on  posthatch  chicks  (Rober¬ 
son  et  al ,  1989),  In  normal  animals,  we  have 
successfully  labeled  type  II  hair  cells  and  sup¬ 
porting  cells  in  each  ampulla,  the  utricle,  the 


saccula,  and  the  macula  lagena  with  3II  thymi¬ 
dine  and  with  bromodeoxyuridinc  (BrdU — a 
thymidine  analog)  (Fig.  18-21).  In  addition, 
recent  studies  by  Pedro  Wcislcder  and  the  au¬ 
thor  have  shown  that  the  rate  of  receptor  cell 
production  is  dynamically  regulated.  When 
the  vestibular  epithelium  is  damaged  b>  strep¬ 
tomycin  injection,  the  production  of  receptor 
cells  increases  by  approximately  fourfold 
(Fig.  18-22). 

These  findings  on  postcmbryonic  produc¬ 
tion  of  vestibular  hair  cells  arc  of  considerable 
importance.  They  show  that  the  ability  to  re¬ 
store  lost  receptor  cells  is  not  limited  to  the 
cochlear  portion  of  the  avian  inner  car.  Sec¬ 
ond,  they  suggest  that  the  proliferation  of  hair 
cells  is  not  a  binary  process;  either  cell  cycle 
times  or  the  number  of  stem  cells  induced  to 
re-enter  the  mitotic  cycle  can  be  regulated  by 
tissue  "needs."  Finally,  the  fact  that  vestibular 
system  structure  is /highly  conserved  across 
virtually  all  classes  of  vertebrates,  including 
mammals,  suggests  that  regeneration  of  hair 
cells  in  the  mammalian  inner  car  can  eventu¬ 
ally  be  induced. 

Conclusion 

Postcmbryonic  production  of  receptor 
cells  in  fish  and  reptiles  has  been  known  for 


Figure  18-21  Photomicrogragh  of  normal  saccule  frpm  a  IS-day-old  chick.cn,  The  animal  was  given  JH  thymidine 
for  5  days  and  was  allowed  to  survive  for  an  additional  2  weeks,  labeled  type  II  hair  cells  (arrows)  and  support  cells 
(arrowheads)  arc  seen.  Bar  «  20  pm. 


several  decades,  Unul  recently,  we  assumed 
that  this  capacity  was  absent  in  the  more 
highly  specialized  inner  ears  of 'birds  and 
mammals.  Recent  research  lias  shown  that 
birds  have  the  capacity  to  rebuild  a  damaged 
inner  car,  and  physiologic  studies  strongly 
suggest  th.  the  restored  receptor  epithelium 
can  restore  l  earing.  Although  advances  arc  be* 
ing  made  toward  identifying  stem  cells,  exam* 
ining  function,  and  documenting  morphologic 
changes  during  regeneration,  little  is  known 
about  the  intercellular  signals  that  induce 
stem- eel  Is  to  re-enter  the  mitotic  cycle.  We 
know  that  damage  to  the  epithelium  by  noise 
or  drugs  is  a  sufficient  stimulus  to  trigger 
these  events,  but  the  subsequent  chain  of  eel* 
lular  events  remains  to  be  discovered.  The  fact 
that  all  vertebrate  classes,  with  the  exception 
of  mammals,  have  this  capacity  suggests  to  this 
author  that  proliferation  in  mammals  is  ac¬ 
tively  suppressed.  Discovery  of  the  signals  that 
trigger  regeneration  in  birds  and  elucidation 
of  the  chain  of  cellular  events  will  provide 
critical  information.  It  may  then  be  feasible  to 
identify  the  steps  that  are  blocked  in  mam¬ 
mals.  Such  steps  may  someday  lead  to  the  abil 
ity  to  stimulate  hair  cell  regeneration  in  hu* 
mans. 


Regeneration  des  Cellules 
Ciliees  de  I’Oreille  Interne 
chez  I’Oiseau 

Dans  la  coddle  des  Mammiftres,  une  ex¬ 
position  &.uri  bruit  traumatique  qui  endom- 
mage  les  cellules  cih6c£  cause  une  perte  audi¬ 
tive  pemwnente,  Cela  est  dft.  i  notre  inca¬ 
pacity  h  produire  des  cellules  cilides  en  de¬ 
hors  de  la  penode  embryonnairc  et  done  & 
remplaccr  ccllcs  qui  ont  ite  d&ruites  par  un 
facteur  cnvironnemcntal  toxique,  commc  le 
bmit  ou  ccrtaincs  drogues.  A  l’oppose,  les  Ver¬ 
tebras  3  sang  froid,  ont  une  production  con¬ 
tinue  de  cellules  cilices  et  peuvent  done  rem- 
placer  ceilcs  qui  ont  cte  cndommagles  la 
papille  basilaire  des  Oiseaux  prlscp/e  un  ctat 
intermediairc;  normalcment,  toutes  les  cel¬ 
lules  allies  sont  produites  au  cours  de 
l'cmbryogcnfcsc,  mats  celles  qui  sont  detruites 
par  traumatisme  peuvent  etre  rcmplacees. 

Cet  expose  conccrnam  ce  dernier  cas  de 
figure  comprendra  3  parties.  Dans  la  premiere, 
la  preuve  que  les  digats  causes  par  le  bruit 
stimulcnt  la  production  dc  nouvellcs  cellules 
ciliecs  cs*  apportec. 

la  seconde  partie  dccrit  une  serie 
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Figure  18-22  Up  regulation  of  hair  cell  regeneration  in  the  avian  vestibular  system  Ampullary  tissue  from  2  week 
old  animals  sacrificed  1  day  after  a  3-day  course  of  20  tiCVgtfay  tritiated  thymidine.  Arrowheads  point  to  cells  In 
the  sensory vrpithelium  that  have  incorporated  tritiated  thymidine.  A,  Ampulla  from  a  control  animal  Note  the  pres¬ 
ence  and  normal  complement  of  type  I  and  type  11  hair.cells.  and  the  single  row  of  supporting  cells.  Only  one 
labeled  cell  is  seen.  B,  Ampulla  from  a  bird  treated  with  600  mgfcg'day  streptomycin  sulfate  for  7  days  and  then 
given  tritiated  thymidine.  Note  the  absence  of  all  type  I  and  most  type  1(  hair  cells,  and  the  presence  of  several  rows 
of  supporting  cells.  Numerous  labeled  cells  arc  seen. 


d’cxpertences  autoradiograplnques  destinies  &  thynudine  tnticc  entre  6  et  72  h  ct  sont  sacri 
identifier  les  Elements  prccurscurs  des  cellules  fies.  Un  autre  groupe  recoil  dc  la  thymidine 

rtrgenerees.  Apres  une  exposition  de  18h  k  un  tritice  jusqu’au  troisieme  jour,  puis  de  la  thy 

bruit  traumatique  ( 1,5  kHz,  120  dll  SPL)  les  midine  froide  jusqu’au  cinquieme  jour,  ils  sont 

animaux  (poulets)  re^oivent  une  injection  de  saenfies  3  30  jours.  Sur  chaque  animal  une  co- 
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chlee  est  prcparec  pour  I’autoradiographie, 
I’autre  pour  la  microscopic  electromque  a  bal- 
ayagc-  Les  resultats  iodiqucnt  que  dans  Ics  15 
h  apres  1c  trauma  des  cellules  situecs  en  bor- 
dure  mferieure  de  {’epithelium  rccepteur  com- 
mencent  a  se  diviser  ct  Torment,  ensulte,  de 
nouvelles  cellules  cilices  et  de  nouvelles  cel¬ 
lules  de  soutien.  Les  nouvelles  cellules  ciliees  sc 
differcncient  entre  48  et  72  h,  cette  differenda* 
tion  est  caracterisee  par  1’accroisscment  des 
organelles  cytoplasmiques,  une  migration  vers 
la  surface  de  I’epith&ium  et  la  poussec  des  ste- 
reocils. 

In  demicre  partie  de  l’expose  deceit  les 
resultats  dc  la  microscopie  elcctroniquc  a  bal- 
ayage  concernant  les  cellules  precurseurs  et 
Ics  cellules  rcgenerccs. 
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Aminoglycoside  Ototoxicity  in  the 
Avian  Auditory  System 
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Sonic  species  of  fish  and  amphibians  arc  coside  ototoxicity.  Although  hair  cell  rcgencr* 

known  to  produce  hair  cells  over  their  entire  ation  is  known  to  occur  in  adult  quad  after 

life  span  (Corwin,  1981,  1983;  Popper  and  acoustic  trauma  (Ryals  and  Rubel,  1988),  little 

I  foxier,  1981).  However,  the  production  of  or  no  evidence  of  hair  cell  regeneration  was 

hair  cells  in  the  cochlea  of  birds  and  mammals  seen  in  adult  chickens  treated  with  gentamicin 

occurs  during  embryogcnesls.  Thus,  the  loss  (Seidman  et  al,  1989).  The  reasons  for  these 

of  hair  cells  after  birth  has  been  assumed  to  differences  arc  presently  unclear,  however, 

result  In  permanent  hearing  loss.  This  assunip-  they  could  be  related  to  the  mechanism  or  to 

lion,  however,  prosed  to  be  incorrect  in  neo-  amount  of  cell  damage  or  to  species  difTcr- 

natal  chicks,  because  hair  cells  have  been  cnees. 

shown  to  regenerate  after  being  destroyed  by  We  have  previously  shown  In  adult  bud- 

noise  exposure  (Cotanchc,  1987b;  Corwin  gerigars  that  impulse  noise  Induces  an  unusual 

and  Cotanchc,  1988)  and  ototoxic  drugs  pattern  of  hearing  loss.  Immediately  following 

(Cruz  ct  al,  1987).  In  noise-exposed  hatchling  the  exposure,  a  hearing  loss  of  -10  to  60  dll 

chicks,  scanning  electron  microscopy  (SEM)  was  evidenced  at  both  the  low  and  high  fre- 

sltowcd  that  regions  of  the  basilar  papilla  de-  qucncies.  However,  hearing  thresholds  corn- 

void  of  hair  cells  were  replaced  with  new  hair  pletely  recovered  at  the  high  frequencies, 

cells  10  to  15  days  after  exposure  (Cotanchc,  whereas  a  significant  permanent  threshold 

1987b;  Marsh  ct  al,  1990).  Autoradiographic  shift  was  present  below  1  kHz  (Ilashino  ct  al, 

studies  with  tritiated  thymidine  indicated  that  1988).  Tile  propensity  of  the  budgerigar  to 

regenerated  hair  cells  bad  proliferated  from  develop  a  noise-induced  low  frequency  hear- 

supporting  cells  or  unidentified  sient  cells  ing  loss  is  exactly  the  opposite  of  what  is  seen 

(Corwin  and  Cotanchc,  1988;  Girod  cl  al,  in  mammals  (Henderson  and  Hamernik, 

1989).  McFadden  and  Saunders  (1989)- re-  1982),  because  the  lonotopic  organization  of 

corded  auditory  evoked  potentials  from  noise-  the  avian  cochlea,  parallels  that  of  mammals 

exposed  chicks  and  found  that  thresholds  (Manley  et  al,  1989),  the  permanent  hearing 

from  evoked  potentials  had  almost  completely  loss  at  low  frequencies  implies  that  there  is 

recovered  by  15  days  after  treatment,  suggest-  some  structural  damage  in  tile  apical  region  of 

ing  that  functional  recovery  accompanies  hair  the  basilar  papilla. 

cell  regeneration.  The  present  study  was  designed  to  answer 

Although  hair  cell  regeneration  has  been  two  major  questions  arising  from  the  preced- 

sliown  to  occur  in  some  avian  ears,  a  number  Ing  studies  The  first  question  was  whether  the 

of  issues  need  to  be  clarified.  For  example,  aminoglycoside  antibiotics  would  induce  a 

there  are  little  or  no  data  concerning  die  re-  low-frequency  hearing  loss  in  tile  budgerigar 

covery  of  structure  or  function  after  aminogly  similar  to  that  which  occurs  with  impulse 
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noise,  I  e,»  the  low'-frequency  region  especially 
vulnerable  in  the  budgerigar*  If  so,  what  struc¬ 
tural  changes  are  associated  with  this  unusual 
pattern  of  hearing  loss*  The  second  question 
was  whether  there  is  any  evidence  of  hair  cell 
regeneration  or  recovery  of  function  in  the 
adult  budgerigar  following  aminoglycoside 
ototoxicity. 


Methods 

Subjects 

Twenty-three  adult  budgerigars  (approxi¬ 
mately  5  to  6  months  old)  were  used  as  sub¬ 
jects.  Four  birds  were  used  for  the  behavioral 
study;  the  others  were  used  for  SEM.  The  biids 
received  intramuscular  injections  of  kanamy* 
cin  (KM)  at  a  dose  of  200  mg  per  kilogram 
per  day  for  10  successive  days,  litis  dose  was 
shown  to  induce  a  significant  hearing  loss  In 
the  budgerigars  (Haslrino  and  Sokabe,  1989). 

Psychophysical  Procedures 

Each  bird  was  required  to  bite  a  response 
bar  during  the  presentation  of  a  tone  lasting  5 
seconds.  When  a  bird  failed  to  respond  to  the 
tone,  the  sound  of  a  buzzer  served  as  a  condi¬ 
tioned  negative  reinforccr;  In  20  percent  of 
the  error  trials,  a  mild  electric  shock  (0,1  mA 
pp  rectangular  pulse  lasting  100  ms,  5  Hz) 
was  paired  with  the  buzzer  In  order  to  main¬ 
tain  the  response  behavior.  After  the  bird  had 
mastered  the  detection  task,  absolute  thresh¬ 
olds  were  measured  using  a  psychophysical 
tracking  procedure.  Six  test  frequencies  be¬ 
tween  0.25  and  8  kHz  were  evaluated,  and  five 
threshold  estimates  were  obtained  at  each  fre¬ 
quency. 

Histologic  Procedures 

The  birds  in  the  histologic  part  of  the 
study  were  allowed  to  survive  for  cither  i,  7, 
or  14  days  after  the  last  KM  injection  and  then 
were  deeply  anesthetized  and  decapitated. 
The  cochleae  were  fixed  by  perfusing  1  per¬ 
cent  osmium  tetroxide  (in  0.1  M  phosphate 
buffer,  pH  7.4)  through  the  exposed  distal  end 
of  the  cochlea,  and  were  kept  in  the  fixative  at 
4*  C  for  45  minutes.  The  fixed  tissues  were  de¬ 
hydrated  in  ethanol  up  to  70  percent  and  dis¬ 
sected  out  in  order  to  expose  the  luminal  sur¬ 
face  of  the  basilar  papilla.  Afterwards,  the  co¬ 
chleae  were  deli)  dra ted  in  a  graded  series  of 


ethanol;  which  was  then  replaced  with  100 
percent  tcrt-butyl  alcohol  and  dried  with  an 
Eiko  ID-2  freeze  drier.  The  specimens  were 
sputter-coated  with  platinum/palladium  and 
viewed  on  a  jeol  JSM  820  scanning  electron 
microscope  at  an  accelerating  voltage  of  15 
kV. 


Results 

Psychophysical  Testing 

During  KM  treatment,  the  behavioral 
thresholds  initially  deteriorated,  resulting  in 
threshold  shifts  of  60  to  80  dB.  Figure  19-1 
shows  the  time  course  of  recovery  from  the 
kanamycin-lnduccd  temporary  threshold  shift 
(ITS)  at  0.5, 2,  and  4  kHz.  After  KM  treatment 
was  terminated,  the  thresholds  improved  by 
approximately  40  dB  until  about  14  days  after 
treatment,  after  which  the  thresholds  stabi¬ 
lized,  Ihc  exact  time  course  of  recovery,  how¬ 
ever,  varied  across  test  frequency.  At  2  and  4 
kHz,  the  TTS  reached  a  peak  $  to  5  days  after 
treatment  rather  than  1  day  after  the  final  in¬ 
jection  of  KM.  This  delayed  peak  of  TTS  was 
followed  by  a  period  of  rapid  recovery  (4.5  dB 
per  day),  which  continued  for  about  10  days 
After  2  weeks  following  treatment,  the  TTS  at 
2  and  4  kHz  converged  toward  a  stabilized 
value  of  approximately  15  dB.  By  contrast,  the 
TTS  at  0,5  kHz  peaked  at  1  day  after  treatment 
and  then  gradually  decreased  (2  dB  per  day) 
to  a  stable  value  around  2  weeks  after  treat¬ 
ment. 

At  least  five  measurements  of  threshold 
were  taken  at  the  six  frequencies  during  the 
last  20  day’s  of  recovery  in  order  to  determine 
the  amount  of  permanent  threshold  shift 
(PTS),  The  Inset  of  Figure  19-1  depicts  the 
mean  IT'S  from  four  birds  as  a  function  of  fre¬ 
quency,  Note  that  the  FTSs  below  1  kHz  were 
much  greater  than  those  above  1  kHz,  Low- 
frequency  threshold  shifts  remained  stable  at 
approximately  40  dB  even  40  days  after  the 
termination  of  drug  treatment. 

Our  preliminary  .results  using  auditory’ 
evoked  potentials  are  consistent  with  our  be¬ 
havioral  data.  Wc  successfully  recorded  far- 
ficld  auditory  evoked  potentials  front  KM- 
treated  budgerigars  with  a  chronic  electrode 
inserted  in  the  skull.  Three  days  after  treat¬ 
ment,  the  evoked  response  threshold  to  4  kHz 
tone  bursts  was  elevated  60  dB  relative  to  the 
pretreatment  thresholds.  However,  threshold 
improved  by  40  dB  in  the  next  27  days  (Fig. 
19-2).  Tlie  threshold  shifts  measured  with  the 
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evoked  response  agreed  with  those  measured 
behaviorally. 

SEM  Study 

The  basilar  papilla  of  the  budgerigar  has 
the  same  general  shape  as  that  of  the  chick 
(Gleich  and  Manley,  1988).  The  length  of  the 


Figure  19-1  Time  course  of  behavioral  threshold 
shifts  and  permanent  threshold  shifts  (inset)  in  the  ka- 
namjein  treated  budgerigars,  (Redrawn  from  llashlno 
E,  Sokabc  M,  Kanamycin  Induced  low-frequency  hear¬ 
ing  loss  In  the  budgerigar  (MrlopsUiacvs  undutetls).  J 
Acoust  See  Am  1989. 85  289-291.) 


long  axis  of  the  papill?  is  approximately  2  mm. 
Figure  19  3A  show;*  a  typical  basilar  papilla 
observed  1  day  after  the  cessation  of  KM  ad* 
ministration.  Extensive  damage  was  seen  over 
the  basal  55  to  75. percent  (mean  =  67  per¬ 
cent)  of  the  basilar  papilla.  Both  short  and  tall 
hair  cells  were  completely  lost :in  t his  region 
(Fig.  19-3 B).  Only  several  dusters  of  mi* 
crovilH,  which  were  expected  to  become  ste* 
reociliary  bundles,  could  be  identified  in  the 
most  basal  end  of  the  cochlea  (Fig,  19-3C). 

Seven  days  following  KM  intoxication,  the 
basal  20  percent  of  the  papilla  was  covered 
with  regenerating  hair  cells  (Fig.  19 -4B), 
These  hair,  cells  were  immature,  but  tip  links 
had  already  formed  between  neighboring  ste* 
reoctlia  (data. not  shown).  In  the  adjacent  api* 
cal  region,  the  number  of  hair  cells  had  In* 
creased  to  one-third  of  the  normal  level.  The 
area  at  -10  to  60  percent  of  the  distance  from 
the  bxse  was  still  devoid  of  hair  cells  (Fig,  19- 
4A).  ' 

By  M  days  after  treatment,  regenerated 
hair  cells  had  appeared  over  all  of  the  dam* 
aged  regions  of  the  basilar  papilla.  In  the  basal 
-10  percent,  the  basilar  papilla  was  completely 
covered  with  new  hair  celts  (Fig.  19-5B).  On 
the  apical  surfaces  of  these  cells,  there  were 
numerous  microvilli  similar  to  those  that  tran¬ 
siently  appear  in  normally  developing  hair 
cells  (Cotanchc,  !987a),  In  the  remaining  ar* 
.cas,  except  for  the  undamaged  apex,  the  num¬ 
ber  of  hair  cells  had  Increased,  but  was  signifi- 


Control  3d  Recovery  30d  Recovery 


Figure  19*2  Auditory  evoked  responses  (AfcR)  of  a  budgerigar  obtained  with  a  4  km  tone  burst  before  (control) 
and  J  days  and  50  days  after  kanamycin  (KM)  treatment.  The  AERs  were  recorded  by  a  screw  electrode  implanted 
in  the  skull  at  the  vertexj  the  neck  was  used  as  a  reference. 
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Figure  T9-3  Scanning  electron  micrograph  of  the  budguigar's  cochlea  I  day  after  treatment.  At  Basilar  papilla,  a, 
apical,  b.  basal,  s,  superior,  I,  inferior.  Bar  =  500  pm  D,  Degenerated  region  located  at  50  percent  of  the  distance 
from  the  base  C  Presumably  regenerating  hair  cells  obsen  ed  at  the  most  basal  part  of  the  cochlea.  Bars  in  D  and  C 
*  10  pm. 


Figure  19-5  Hair  cell  recovery  at  60  percent  (A)  and  20  percent  (D)  from  the  basal  end  of  the  cochlea  1 1  days 
after  treatment.  Bars  »  10  pra 
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Figure  19-6  Changes  in  the  number  of  hair  cells  dur¬ 
ing  recover)-.  Data  plotted  between  0  and  60  percent 
of  the  distance  from  the  basal  end  indicate  the  number 
of  regenerated  hair  cells.  Dotted  lines  show  control 
data. 


cantly  less  than  that  seen  in  control  animals 
(Fig.  19-6).  However,  a  relatively  large  part  of 
this  area  was  occupied  by  degenerated  hair 
cells  (Fig.  19-54), 

Discussion 

Correlation  Between  Hair 

Cell  Regeneration  and 

Functional  Recovery 

Based  on  ihc  frequency-place  maps  de¬ 
rived  from  single-fiber  staining  of  functionally 
characterized  primary  auditory  neurons  in 
several  avian  ears,  one  would  predict  that  vir¬ 
tually  all  of  the  test  frequencies  used  In  the 


present  study.  iadafeg  025  Utz,  would  be 
tnnsdoerd  in  the  basal  D  to  75' percent  cf 
the  basic  papelli  (MasScy  ct  al.  I9S7;  GJeSch. 
19S9X  Benriord  threshold  tc%  32  1  day 
2Scr  treatment  showed  a  bearing  loss  of  50  to 
SO  dB  at  all  of  the  test  frequencies.  Koatver, 
given  that  the  basal  70  percent  of  the  hrabr 
papilla  was  devoid  of  nc2tiy  oil  short  and  u3 
hair  cells,  is  is  surprising  that  the  threshold 
shifts  were  not  higher.  Threshold  measure¬ 
ments  were  00c  obtained  below'  0.25  kHz  be¬ 
cause  of  limitations  of  the  acoustic  system; 
however,  it  is  reasonable  to  assume  tint 
thresholds  in  this  region  were  normal,  ghen 
that  there  was  little  or  no  hair  cdl  loss.  Thus, 
in  damaged  cars,  it  is  likely  that  the  high-fre¬ 
quency  stimuli  are  detected  on  the  basis  of 
spectral  splatter  into  the  low-frequency  re¬ 
gions. 

According  to  our  histologic  data,  the  pro¬ 
cess  of  hair  cell  regeneration  had  begun  as 
early  as  1  day  after  treatment,  at  which  time 
several  presumptive  cilia  bundles  were  identi¬ 
fied  in  the  basal  tip  of  the  budgerigars  co¬ 
chlea.  Hair  cell  regeneration  was  initially 
greatest  in  the  basal  region  of  the  basilar  pa¬ 
pilla,  and  then  progressed  towards  the  apex. 
At  14  days  after  treatment,  the  basal  40  per¬ 
cent  of  the  papilla  was  covered  with  regener¬ 
ating  hair  cells,  whereas  only  partial  regenera¬ 
tion  was  seen  in  more  2pica!  regions  (fig  19- 
7).  The  bosc-toapex  gradient  observed  in  the 
pattern  of  hair  cell  regeneration  coincided 
with  the  recovery  of  the  behavioral  thresh¬ 
olds.  The  thresholds  at  frequencies  above  1 
kHz  recovered  promptly,  whereas  recovery  of 
thresholds  at  frequencies  below  1  kHz  was  de¬ 
lated. 

The  number  of  hair  cells  in  the  basal  re¬ 
gion  of  the  basilar  papilla  had  recovered  to 
normal  levels  by  14  days  after  treatment.  Addi¬ 
tionally,  both  hair  cell  surface  area  and  the 
length  of  the  cilia  bundles  on  (he  regenerated 
hair  cells  were  not  significantly  different  from 
those  of  normal  hair  cells  at  the  same  position 
along  the  cochlea.  Despite  the  fact  that  hair 
cell  regeneration  was  nearly  complete  in  the 
basal  region,  the  behavioral  thresholds  at  the 
high  frequencies  remained  elevated  at  approx¬ 
imately  1 5  dB.  There  arc  a  number  of  possible 
reasons  for  this  discrepancy,  first,  the  orienta¬ 
tion  of  the  cilia  bundles  is  rotated  by  as  much 
as  90  degrees  from  normal  on  some  regener¬ 
ated  hair  cells.  A  second  possibility  is  that  pro¬ 
cesses  proximal  to  ihc  hair  cells  may  be  in¬ 
volved.  For  example,  Ryals  ct  al  (1989) 
showed  that  ganglion  cells  began  to  degener¬ 
ate  well  after  hair  cell  regeneration  had  begun. 
Furthermore,  it  is  unclear  whether  the  dis- 
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chaise  paitems  of  neurons  that  innervate  re¬ 
generated  hair  edis  arc  in  fact  normal. 

Another  important  facet  of  our  results  is 
the  fact  that  hair  cell  regeneration  in  the  mid¬ 
dle  of  the  basilar  papilla  .was  incomplete  14 
days  after  treatment.  It  is  conceivable  that 
more  hair  ceils  would  ha\c  regenerated  with 
longer  survival  times.  However.  this  possibility 
seems  unlikely  given  that  the  behavioral 
thresholds  had  stabilized  by  2  weeks  after 
treatment.  G early,  it  would  be  important  to 
determine  if  any  additional  hair  cells  regener¬ 
ate  in  the  budgerigar  with  longer  survival 
times.  Based  on  these  results,  plus  our  previ¬ 
ous  behavioral  data  with  impulse  noise  (Hash- 
ino  ct  al,  I988X  it  appears  that  the  hair  cells 
in  more -apical  regions  of  the  basilar  papilla  are 
less  likely  to  regenerate  lion  those  in  the  base. 
Obviously,  it  would  be  important  to  deter¬ 
mine  which  factors  regulate  the  process  of  re¬ 
generation. 

It  has  been  suggested  that  ciliary- length  is 
one  factor  that  may  determine  the  tuning 
properties  of  hair  cells  (Hudspeth,  1989). 
Thus,  it  is  conceivable  tliat  the  low-frequency 
loss  might  be  brought  about  by  a  reduction  in 
length  of  the  regenerating  stcrcocilia  bundles 
so  that  the  hair  cells  arc  tuned  to  a  higher  fre¬ 
quency  than  one  would  predict  on  the  basis  of 
position  along  the  basilar  papilla.  However, 
this  possibility  seems  unlikely  given  tliat  the 
lengths  of  the  stcrcocilia  on  fully  regenerated 
hair  cells  were  within  normal  limits. 

The  frequency  representation  on  the  basi¬ 
lar  papilla  is  known  to  vary  across  avian  spe¬ 
cies  (Manic)*  ct  al,  1989;  Glcich,  1989  X  More¬ 
over,  the  unusual  shape  of  the  critical  band 
function  in  the  budgerigar  suggests  that  the 
tonotopic  organization  along  the  basilar  pa¬ 
pilla  may  not  be  logarithmic  in  this  species  of 


bird  (Saunders  ct  al.  1978;  Okanoya  and  Pool¬ 
ing.  I987X  Q early,  it  would  be  important  to 
determine  the  frequency  map  of  the  budgeri¬ 
gar’s  basilar  papilla  in  order  to  better  under¬ 
stand  the  correlation  between  the  various 
physiologic  and  behavioral  measures  of  hear¬ 
ing  and  the  morphology  of  the  basilar  papilla. 

Comparative  Aspects 

The  administration  of  KM  for  10  days  at  a 
dose  of  200  mg  per  kilogram  per  day  pro¬ 
duced  significant  degeneration  of  the  hair  cells 
and  supporting  cells  located  in  the  basal  55  to 
75  percent  of  the  budgerigar  cochlea  (Fig  19* 
3A  X  The  same  dosage  of  KM  per  unit  of  body 
weight  produced  significantly  less  degenera¬ 
tion  (approximately  35  to  40  percent)  in  the 
hatchling  chick  (llashino  ct  al,  1 991).  More¬ 
over,  the  basilar  papilla  of  the  budgerigar  re¬ 
quired  a  longer  time  to  recover  than  it  did  in 
the  chick.  After  1  day  following  treatment,  the 
number  of  hair  cells  in  the  most  basal  region 
of  the  chick  cochlea  had  reached  a  normal 
level.  By  contrast,  there  were  only  several  im¬ 
mature  kinociha  and  cilia  bundles  in  the  bud¬ 
gerigar.  Fourteen  days  after  treatment,  the 
chick  basilar  p^ulla  was  essentially  normal  in 
appearance,  whereas  the  adult  budgerigar  pa¬ 
pilla  had  obvious  pathologies.  One  possible 
explanation  for  these  differences  is  that  the 
basilar  papilla  of  adult  birds  is  more  easily 
damaged  by  ototoxic  drugs  than  that  of  )oung 
birds.  However,  this  explanation  seems  un¬ 
likely  given  that  adult  (52-wcek-old)  chickens 
appear  to  be  more  resistant  to  aminoglycoside 
ototoxicity  than  hatchling  clucks  (Scidman  ct 
al,  1989).  Another  possibility  is  that  the  pro¬ 
pensity  for  hair  cell  regeneration  is  reduced  in 
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adult  aninuls,  as  suggested  by  the  recent  work 
of  Sekimm  ct  aJ  ( 19S9).  finally,  it  is  eoocriv- 
aWc  thai  the  propcmii)'  lor  hrir  ceil  regenera¬ 
tion  raks  across  species;  however,  little  in¬ 
formation  is  currently  available  on  this  issue. 

It  is  dear  from  the  present  experiment 
that  adult  budgerigars  have  the  potential  to 
generate  new'  hair  cells  even  following  signifi¬ 
cant  damage  to  the  cochlea  by  KM.  In  con¬ 
trast,  Scidman  ct  al  (I9S9)  reported  little  or 
no  hair  cell  regeneration  in  adult  chickens 
treated  with  gentamicin.  The  reason  for  these 
differences  is  not  jet  dear;  however,  it  is  con¬ 
ceivable  that  the  lack  of  regeneration  in  the 
adult  chick  may  be  related  to  the  fret  that  the 
ototoxic  effects  of  gentamicin  arc  more  pro¬ 
longed  or  severe  than  the  ototoxic  effects  of 
KM  (Hashino  ct  al,  1991 X 

Recuperation  du 
Traumatisme  Acoustique 
et  Ototoxicite  des 
Aminoglycosides  chez  les 
Oiseaux 

Cette  etude  analyse  les  effets  de  bruit  in¬ 
tenses  ou  d'injections  d'antibiotiques  amino- 
sides  sur  l’audition  et  la  structure  de  la  papille 
ba>ifrirc  des  oiseaux. 

Apres  unc  exposition  binauralc  a  un  bruit 
impuls  f  de  170  dB  SPL,  des  perroquets  sont 
testes  cn  continu  (conditionnemcnt  d’evitc* 
ment)  pour  I  curs  capacitcs  auditives  entre 
0,125  ct  8  kHz.  On  observe  des  pertes  audi¬ 
tives  temporaires  (TTS)  pour  les  frequences 
supcricurcs  a  1,5  Ulz  ct  des  pertes  auditives 
permanentes  (ITS)  au  dcssous  de  ccttc  fre¬ 
quence;  la  structure  de  ccs  ITS  est  tout  a  frit 
diffcrcntc  de  ccllc  rcncontrcc  chez  les  Mam- 
mi  feres. 

Sur  la  mcmc  espccc,  cl  a\cc  Ic  mcmc  type 
de  test,  des  injections  de  kanamycinc  ( 100  a 
200  mg'jour/IO  jours)  provoquent  aussi  des 
TTS  cl  ITS  avee  des  elevations  de  scuil  plus 
importantes  pour  les  frequences  au  dcssous  de 
I  kHz. 

Dans  les  deux  cas,  on  pent  done  notcr 
unc  recuperation  fonctionncllc  pour  les  fre¬ 
quences  clcvecs,  cc  qul  est  tout  i  frit  different 
de  cc  qui  se  passe  chez  les  Mammiflrcs. 

Les  correlations  morphologiqucs,  reciter* 
chccs  sur  les  animaux  traites  a  la  kanamycinc, 
momrent  dans  un  premier  temps  dcs  degats 
importants  au  niveau  dcs  cellules  cilices  de  la 
panic  basale  (35*40%  )  de  la  papille.  Unc  recu¬ 
peration  de  ccs  degats  intervient  dans  les 


deux  scnuxncs  apres  le  trail  circnt,  cc  qul  cor¬ 
respond  au  ddaa  de  recuperation  fooction- 
ndlc. 

Eo  utdrsant  unc  2utre  espccc  avienne,  Je 
pooler,  les  rcsultats  apres  kanamyrioc  sont  dif- 
ferents  avee  dcs  PTS  aux  frequences  elevees. 
Les  correlations  morphologiqucs  sont  cn 
cours  pour  analyser  ccttc  difference  spccifiquc 
entre  ks  codtlces  de  perroquet  ct  de  poulct. 
Quoi  qull  cn  soil,  la  recuperation  dcs  degats 
ct  la  structure  particulicrc  dcs  FIS  observes 
confer ent  au  modclc  avicn  unc  importance 
particulicrc  pour  explorer  les  mecanismes 
molcculafrcs  de  la  regeneration  des  cellules 
cilices,  ainsi  que  les  relations  spatial cJ  entre  la 
morphologic  ct  la  physiologic  de  ccs  cellules. 
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CHAPTER  20 


Noise-Induced  Hearing  Loss:  Effects 
of  Age  and  Existing  Hearing  Loss 

JOHN  H.  MILLS 


X  he  most  common  causes  of  hearing  loss  in 
adults  are  exposure  to  noise,  the  effects  of  ag¬ 
ing,  the  interaction  of  noise  and  aging  effects, 
and  the  interaction  of  noise  with  other  vari¬ 
ables.  Thus,  it  is  not  surprising  to  note  that  a 
clinical  and  research  topic  of  longstanding  .in¬ 
terest  is  the  interaction  of  noise  effects  and  ag¬ 
ing  effects.  A  related  topic  and  currently  one 
of  great  interest  is  the  effect  of  an  existing 
hearing  loss  (whether  age*  or~ noise-induced) 
on  the  production  of  a  subsequent  hearing 
loss,  such  as  that  induced  by  exposure  to 
noise.  The  timeliness  of  this  topic  is  due,  in 
large  part,  to  recent  studies  of  the  effects  of 
the  efferent  auditory  system  (Rajan  and 
Johnstone,  1983)  and  to  studies  of  the  sensor)’ 
cells  of  the  organ  of  Cord,  which  attribute  a 
motor  (muscle-hkc)  function  to  the  outer  hair 
cells  (Brownell  el  al,  1985;  Flock  ct  al,  1986; 
Zcnncr,  1986).  In  this  chapter,  l  will  address 
the  issue  of  the  effects  of  an  existing  hearing 
loss  (noise-induced)  on  the  production  of  a 
subsequent  noise-induced  hearing  loss.  1  will 
also  examine  the  interaction  between  a  noise- 
induced  hearing  loss  and  a  prcsbycusic  loss. 

Susceptibility  of  the 
Noise-Damaged  Ear  to 
Additional  Noise  Damage 

Which  person  is  at  greater  risk  of  noise- 
induced  hearing  loss:  the  person  with  normal 
auditory  sensitivity  or  ihc  person  with  a  mild 
(or  moderate  or  severe)  noise-induced  hear¬ 
ing  loss’  Currently,  there  is  no  straightfor¬ 
ward  answer  to  this  question,  although  the 
“damaged-ear  theory  of  noise-induced  hear¬ 
ing  loss"  suggests  that  the  already-damaged 
car  is  at  greater  risk  of  additional  injury  from 


subsequent  noise  exposures. than  the  undam¬ 
aged  car.  The  damaged  ear  theory  is  part  of 
the  scientific  basis  of  hearing-conservation 
programs  and  the  assignment  of  workers  to 
or  away  from  excessively  noisy  environ¬ 
ments. 

The  damagcd-car  theory’  has  a  long  his¬ 
tory.  Davis  et  al  (1950)  were  perhaps  the  first 
to  raise  the  issue  of  the  susceptibility  of  the 
acoustically-injured  car.  Their  results  with 
temporary  threshold  shift  (TTS)  in  normal  and 
hearing  impaired  human  subjects  equivocally 
supported  the  damaged-ear  theory.  This  equiv¬ 
ocation  was  due  in  part  to  massive- variance. 
Tor  example,  in  one  subject  the  first  exposure 
to  a  40  kHz  exposure  at  130  dB  SPL  for. 8 
minutes  produced  a  temporary  hearing  loss  of 
51  dB.  When  the  identical  exposure  was  re¬ 
peated  on  a  later  date,  a  temporary  loss  of 
only  12  dB  was  obsened.  Dramatic  differ¬ 
ences  of  this  magnitude  (50  dB)  were  noted 
for  other  subjects  as  well.  Although  Davis  ct  al 
did  not  speculate  about  the  physiologic  bases 
of  such  dramatic  intraindtvidual  differences, 
they  were  certain  that  the  data  were  not  arti- 
factual,  and  that  individual  differences  were  a 
significant  factor  in  noiscMnduccd  hearing  loss. 
These  data,  gathered  at  the  famous  Psycho¬ 
acoustics  Laboratory'  (PAL)  at  Harvard  during 
World  War  II,  gave  rise  to  the  speculation  that 
cars  resistant  to  noise-induced  hearing  loss 
can  become  susceptible  to  damage,  or  the  re¬ 
verse  hypothesis,  that  susceptible  cars  can  be 
toughened  by  acoustic  experience. 

Field  studies  and  epidemiologic  data  sug¬ 
gest  that  persons  with  an  existing  permanent 
hearing  loss  arc  at  greater  risk  of  additional 
noise-induced  hearing  loss  from  occupational 
sources  (Klockhoff  ct  al,  1986,  Franks  ct  al, 
1989,  Elmore,  1989).  These  data  are  from 
hearing-conservation  programs  involving 
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nearly  40,000  recruits  of  the  Swedish  Armv 
(Klockhoff  ct  al^v  1986),  and  more  than  ' 
100,000  0'S*  Air  Force  personnel  who  were 
studied  over  a  40-year  period  (Elmore,  1989) 
These  data,  impressive  by  their  sheer  num¬ 
bers,  can  be  interpreted  to  support  the  dam- 
aged-ear  theory — i  c.,  that  the  person  with  an 
acoustic  injur)'  of  the  car  is  at  greater  risk  of 
further  noise-induced  damage  than  the  person 
with  an  uninjured  car.  There  arc,  of  course,  al¬ 
ternative  explanations,  including  the  inappro¬ 
priate  use  of  car  protective  dev Ices  and  the  in¬ 
fluence  of  nonoccupational  exposures  to 
noise. 

laboratory  experiments  with  human  sub¬ 
jects  and  with  experimental  animals  are  incon¬ 
sistent  in  their  support  of  the  damaged  ear 
theory.  Human  TTS  data  (Harris,  1955)  and 
some  animal  data  (Voldrich,  1979)  suggest  the 
impaired  ear  is  at  greater  risk  of  damage, 
whereas  a  number  of  other  investigations  sug¬ 
gest  no  effect  or  even  a  protective  effect  (Trlt- 
tipoe,  1958,  Miller  ct  al,  1963;  Mills  ct  al, 
1981;  Ward,  1976,  Pyc,  1974).  Mills  (1973) 
showed  that  in  chinchillas  with  pre-existing 
hearing  losses  of  0  to  30  dB,  the  absolute 
sound  pressure  level  (SPL)  or  shifted  thresh¬ 
old  produced  by  a  given  exposure  was  inde¬ 
pendent  of  the  pre-exposure  hearing  level. 
This  result  is  supported  by  Humes  (1980, 

miy 

A  recent  report  by  Canlon  ct  al  (1988) 
supports  the  idea  that  the  ear  can  be  "tough¬ 
ened"  by  acoustic  experience.  In  this  experi¬ 
ment,  guinea  pigs  w'ere  pre-exposed  to  a  low- 
level  tone  ( 1.0  kHz  at  81  dB  SPL)  for  24  days, 
and  then  to  a  1.0-kHz  tone  at  105  dB  SPL  for 
72  hours.  A  control  group  received  only  the 
105-dB  tone  for  72  hours.  The  group  receiv¬ 
ing  the  low-level  tone  incurred  no  permanent 
effects,  whereas  the  control  group  had  perma¬ 
nent  threshold  shifts  of  14  to  35  dB,  depend¬ 
ing  on  frequency*.  In  light  of  these  data,  the 
field  data  of  Elmore  ( 1989)  and  Klockhoff  et  al 
(1986),  and  data  on  the  efferent  auditory  sys¬ 
tem  (Rajan  and  Johnstone,  1983),  it  was  de¬ 
cided  to  re  examine  the  damaged  car  theory. 

Interaction  of 
Noise-Induced  Hearing 
Loss  and  Presbycusis 

In  the  preceding  section  I  considered  the 
interaction  of  an  existing  noise  induced  hear¬ 
ing  loss  on  the  production  of  a  subsequent 
noisc-induced  hearing  loss.  Now,  I  will  con¬ 
sider  the  interaction  of  age-related  hearing 


loss  (presbycusis)  and  noisc-induced  hearing 
loss.  Currently,  in  the  quantitative  audiologic 
assessment  of  occupational  hearing  loss,  a 
presbycusic  component  is  assumed  to  be 
present  and  is  subtracted  from  the  measured 
hearing  levels.  Indeed,  there  is  little  disagree¬ 
ment  about  the  need  for  a  presbycusic  correc¬ 
tion  factor.  Debate  arises  over  the  specific  de¬ 
tails  of  the  "interaction"  between  noise  effects 
and  aging  effects,  and  bn  the  quantitative 
methods -to  correct  for  the  effects  of  aging 
(sec,  for  example,  Corso,  1980)  Although 
there  is  much  literature  on  the  interaction  of 
noise  effects  and  aging  effects,  most  of  the 
data  are  retrospective  analyses  of  epidemio¬ 
logic  data  and  field  studies  of  noisc-induced 
hearing  loss.  Some  of  the  most  basic  questions 
have  never  been  addressed  experimentally. 
For  example,  what  are  the  biologic  effects  of 
aging  on  the  inner  ear  when  the  inner  ear  has 
not  been  affected  by  exposure  to  noise  (socio- 
cusis)  or  disease  (nosoacusis)?  Do  “pure  pres¬ 
bycusic  effects"  differ  from  other  forms  of 
hearing  loss’.  Arc  there  several  (four)  distinct 
types  of  presbycusis?  Arc  there  several  types 
of  noisc-induced  hearing  loss,  such  as  meta¬ 
bolic  loss  from  long-duration,  low-level  expo¬ 
sures,  and  mechanical  loss  from  intense  im¬ 
pulses  on  one  occasion  (acoustic  trauma)? 
Most  of  these  questions  can  only  be  addressed 
experimentally  through  the  use  of  an  animal 
model  (Mills  et  al,  1990).  Here,  I  will  report 
some  of  the  results  In  which  hearing  losses  of 
gcrbils  bom  and  reared  in  a  quiet  environ¬ 
ment  were  compared  with  hearing  losses  of 
gcrbils  that  spent  most  of  their  adult  lives  In 
85-dBA  noise. 


Procedures 

Effects  of  Existing 
Noise-Induced  Loss 

Details  of  the  noise  exposure  and  sched¬ 
ule  are  described  briefly  in  Table  20-1.  The 
experimental  animals,  Mongolian  gcrbils,  were 
bom  and  reared  in  a^quict  vivarium.  Auditory 
sensitivity  was  assessed  by  recording  brain¬ 
stem  potentials  elicited  by  tone  bursts  (1,8 
ms)  with  center  frequencies  from  1  to  16  kHz 
in  octave  steps.  Details  of  the  audiometric  pro¬ 
cedure  are  given  elsewhere  (Mills  et  al,  1990). 
After  pre-exposure  audiometry  was  completed 
and  it  was  assured  that  the  auditory  thresholds 
of  each  animal  were  within  ±5  dB,  animals 
were  assigned  randomly  to  Group  I  or  to 
Group  II.  Group  I  w'as  exposed  first  to  a  mon 
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Figure  20*1  Permanent  threshold 
shift  produced  by  a  monaural 
exposure  to  a  3  5-kHz  pure  tone 
for  1  hour  at  113  d8  SPL 
Measurements  were  made  6  uecLs 
after  the  exposure.  Nine  animals 
were  in  Group  1, 10  animals  sucre 
in  Group  2.  The  open  squares  show' 
permanent  threshold  shifts 
produced  by  a  binaural  exposure  to 
a  wide  band  noise  for  14  days 'at  95 
dBA. 
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TABLE  20.1  Experimental  Procedures 


GROUP  fc  Monaural/Binaura] 

A,  MonaoraJ  exposure:  3.5-kHz  pure  tone  113  dB 

SPL  for  I  hour 

B.  6  weeks  recovery,  measure  bear *13  loss 

C  Binaural  exposure.  Wide-band  noise  (0  5-4  0 
kHx)  95  dBA  for  2  weeks 

O.  6  weeks  recovery,  measure  permanent  threshold 
shft  (PTS) 

E.  14  weeks  recovery,  final  measurement 
GROUP  11:  Bmaural/MonauraJ 

A,  Binaural  exposure:  Widc-band  noise  (05-40 

kHz)  95  dBA  for  2  weeks 

B.  6  weeks  recovery,  measure  bearing  loss 

C.  Monaural  exposure:  3  5-kHz  pure  tone  1 1 3  dB 

SPL  for  I  hour 

D,  6  weeks  recovery,  measure  PTS 

E<  14  weeks  recovery,  final  measurement 


brain  stem  response  (ABR)  methods.  Then,  an¬ 
imals  were  placed  in  a  sound  field  until  they 
were  about  34  months  of  age.  At  periodic  in¬ 
tervals  between  6  to  8  months  and  34  months, 
an  animal  was  removed  from  the  noise  field 
and  thresholds  were  measured.  At  36  months, 
a  final  audiogram  was  obtained,  the  antmal  un¬ 
derwent  additional  physiologic  study,  and 
then  the  ears  and  brain  were  removed  for  fur¬ 
ther  study. 

Results 

Effects  of  Existing 
Hearing  Loss 


aural  (one,  (hen  (o  a  binaural  noise-after  6 
weeks  of  recovery.  Group  II  was  firs(  exposed 
(o  a  binaural  noise,  (hen  (o  (he  monaural  pure 
(one  after  6  weeks  of  recover)’.  Specific  derails 
arc  given  in  Table  20-1. 

Interaction  of  Noise 
and  Aging  Effects 

Hie  expcrlmcnial  procedures  and  ratio- 
mile  for  (be  use  of  an  animal  model  Is  dis¬ 
cussed  elsewhere  (Mills  c(  al,  1990).  Briefly, 
(he  slraicgy  was  (o  compare  hearing  losses  in 
a  group  of  Mongolian  gcrbils  raised  in  quid 
quariers  with  hearing  losses  in  a  group  (hat 
spcnl  mos(  of  (heir  lives  in  a  noise  chamber  in 
which  (he  A  wcighicd  SPL  was  85  dBA.  Prior 
(o  (he  exposure,  audiograms  of  6-  (o  8-month- 
old  gerbils  were  obtained  using  auditory 


Permanent  threshold  shifts  (PTSs)  pro¬ 
duced  by  the  monaural  exposure  to  a  3.5-kHz 
pure  tone  for  1  hour  arc  shown  in  Figure  20-1. 
PTS  was  largest  at  -I  and  8  kHz  and  decreased 
at  adjacent  test  frequencies.  These  results  are 
consistent  with  earlier  results  both  with  ger¬ 
bils  and  with  other  species.  The  open  squares 
in  Figure  20-1  show  PTS  produced  In  the  right 
car  by  a  binaural  exposure  for  hi  days  to  a 
wide  band  noise  (500  to  -1,000  Hz)  at  95  dBA. 
PTS  was  20  to  25  dB  from  1  to  8  kHz,  and  de¬ 
creased  to  less  than  10  dB  at  16  kHz,  These  re¬ 
sults  are  unremarkable  given  the  spectrum, 
level,  and  duration  of  the  exposure.  Although 
not  shown  in  Figure  20-1,  PTS  in  the  left  ear 
for  the  binaural  exposure  was  virtually  idcntl- 
cal  to  ITS  in  the  right  ear.  The  monaural  pure- 
tone  exposure  in  the  right  ear  produced  5  dB 
or  less  PTS  in  the  left  ear. 

Figure  20-2  shows  PTS  (right  ears)  in  the 
Group  II  animals  after  the  binaural  exposure 
and  PIS  in  the  Group  I  animals  after  both  the 
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Figure  20*2  Permanent 
threshold  shift  produced  in  the 
Group  II  animals  after  the 
binaural  exposure  compared  with 
permanent  threshold  shift  in  the 
Group  I  animals  after  both  the 
monaural  and  binaural  expo,  ires 
Note  that  at  1  and  2  kHz  the 
monaural/binaural  group  has 
about  8  dB  and  3  <JB  less 
permanent  threshold  shift, 
respectively,  than  the  binaural 
group.  At  8  and  16  kHz,  on  the 
other  hand,  the  binaural  group 
has  about  10  dB  less  permanent 
threshold  shift.  These  data  thus 
suggest  that  an  intense  pure  tone 
exposure  at  3  5  kHz  protected 
the  car  at  1  kHz  from  a 
subsequent  exposure  to  a 
widc-band  noise.  At  8  and  16 
kHz.  the  first  exposure  to  the 
3  5  kHz  pure  tone  did  not  protect 
the  ear  from  the  effects  of  a 
subsequent  exposure  to  a 
wide-hand  noise.  Indeed,  the 
effects  of  the  first  exposure  added 
to  the  cttccts  of  the  second  The 
damaged  car  theory  is  thus 
supported  by  the  data  at  8  and  16 
kHz. 


monaural  and  binaural  e.x  posit  res.  In  other 
words,  the  data  in  this  figure  address  the  ques¬ 
tion  of  whether  or  not  the  monaural  exposure 
protected  the  car  from  the  subsequent  binau¬ 
ral  exposure.  At  1  kHz  the  monaural/binaural 
group  had  about  8  dB  less  PTS  than  the  binau¬ 
ral  group.  At  2  kHz  this  difference  was  re¬ 
duced  to  about  3  dlk  On  the  other  hand,  at  8 
and  16  kHz  the  binaural  group  has  about  10 
dB  less  PTS  than  the  monaural/binaural  group. 
These  data  suggest  that  an  intense  purc  tonc 
exposure  at  ^  5  kHz  protected  the  car  at  1 
kHz  from  a  subsequent  exposure  to  a  wide¬ 
band  noise.  At  8  and  16  kHz  the  monaural  ex¬ 
posure  to  the  3  5  kHz  tone  did  not  protect  the 
ear  from  the  effects  of  a  subsequent  exposure 
to  a  wide  band  noise.  The  damaged  ear  theory 
is  thus  supported  by  the  data  at  8  and  16  kHz, 
whereas  the  protective  theory  is  supported  by 
the  data  at  1  kHz, 

Figure  20-3  compares  ITS  produced  by 
the  monaural/binaural  sequence  of  exposures 
with  PTS  produced  by  the  opposite  sequence, 
that  is,  binaural/monaural,  ft  is  obvious  that 
PTS  is  less  in  the  animals  exposed  to  the  mon¬ 
aural/binaural  sequence  than  in  the  animals 
exposed  to  the  binaural/monaural  sequence. 
This  is  particularly  the  case  for  test  frequen¬ 
cies  of  1,  2,  and  4  kHz  at  which  the  standard 
error  of  the  mean  is  about  2  dB,  This  order  ef¬ 


fect  is  not  predicted  by  the  either  the  dam¬ 
aged  ear  theory,  the  protective  theory,  or  any 
of  the  methods  used  to  predict  the  combined 
effects  of  different  exposures,  such  as  the  in¬ 
tensity  or  pressure  rules  (Kxyter  ct  al,  1966, 
Ward,  1963). 

The  present  results  are  not  directly  com¬ 
parable  to  reported  data  in  which  the  protec¬ 
tion  was  provided  by  temporary  changes 
(Davis  ct  al,  1950,  Miller  el  al,  1963,  Ward, 
1963;  Mills,  1981;  Canlon  ct  ai,  1988).  Per¬ 
haps  the  present  data  are  most  pertinent  to 
field  studies,  which  arc  consistent  in  their  sup- 
port  of  the  damaged  car  theory  (Franks,  1986; 
Klocklioff,  1986,  FImorc,  1989).  In  other 
words,  data  from  wcll-cont rolled  laboratory 
experiments  with  animals,  and  field  studies  of 
noise-induced  permanent  threshold  shift, 
show  that,  under  some  exposure  conditions, 
the  ear  with  an  exist'ng  noise-induced  perma¬ 
nent  hearing  loss  may  be  at  greater  risk  than 
the  unexposed  car. 

We  speculate  that  the  monaural/binaural 
versus  binaural/monaural  order  effect  may  re¬ 
flect  differences  in  the  nature  of  the  acoustic 
injury  produced  by  the  different  exposures. 
The  monaural  exposure  is  an  intense,  pu  re¬ 
tone  exposure  of  short  duration  ( 1 13  dB  for  1 
hour),  whereas  the  binaural  exposure  is  a 
wide  band  noise  at  a  moderate  level  that  is  of 
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Figure  20-3  Permanent  threshold 
shift  produced  in  the  Group  I 
animals  after  the  monaural/binaural 
sequence  of  exposures  compared 
with  permanent  threshold  shUv* 
the  Group  II  animals  after  the 
binauraPmoruural  sequence  of 
exposures.  Clearly,  there  is  less 
permanent  threshold  shift  in  the 
monaural/binaural  animals, 
particularly  at  1, 2,  and  4  kHz.  Hus 
result  is  not  predicted  by  the 
damagcd-car  theory  or  by  any 
other  method  of  predicting  the 
combined  effects  of  poi«e 
exposures. 


Figure  20-4  Permanent  threshold  shifts  (open 
circles)  measured  about  90  days  after  termination 
of  a  720  day  cxposurc*t<?a, wide  band  noise  at  85 
dBA,  Aging  threshold  shift  “data  (triangles)  arc 
means  from  32  animals  (37  cars)  that  were  raised 
in  a  quiet  vivarium  (see  Mills  ct  a!.  1990).  Both 
the  noisc-c.xposcd  gcrbils  and  the  gerbils  raised  in 
a  quiet  environment  were  36  montlis  of  age  when 
these  data  were  obtained.  Noise  Induced  perma¬ 
nent  threshold  shift  (NUTS)  is  defined  as  noise  in¬ 
duced  threshold  shifts  corrected  for  the  effects  of 
aging.  PTS.  permanent  threshold  shift. 


124  8  1C 

FREQUENCY  (kHz) 


long  duration  (95  dBA  for  14  days).  It  is  pos¬ 
sible  that  the  acoustic  injury  produced  by 
these  two  distinct  classes  of  exposures  pro¬ 
duces  two  distinct  types  of  acoustic  injury, 
and  therefore  complicates  interactions,  includ¬ 
ing  an  order  effect. 

Interaction  of  Noise 
and  Aging  Effects 

Figure  2(M  -summarizes  normative  aging 
data  obtained  from  37  ears  of  32  Mongolian 
gcrbilS  that  were  born  and  reared  in  a  quiet  vi¬ 
varium  for  36  months  (Mills  et  al,  1990).  Per¬ 
manent  threshold  shift  data  in  Figure  20 -f 
were  measured  about  90  days  after  termina¬ 
tion  of  a  700-  to  720  day  exposure  to  a  wide¬ 
band  noise  at  85  dBA.  Botli  the  noise-exposed 
.  nimals  and  the  animals  reared  in  a  quiet  envi¬ 
ronment  were  36  months  of  age  (i  2  whs) 


when  these  measurements  were  made.  Noise- 
induced  permanent  threshold  shift  (NIPTS) 
was  defined  as  noise-induced  threshold  shifts 
corrected  for  the  effects  of  aging.  The  most 
commonly  used  correction  factor  assumes  ad¬ 
ditivity  (in  decibels)  between  noise-induced 
threshold  shifts  and  “age- induced*  threshold 
shifts,  'plus,  in  l-igure  20-4  we  have  simply 
subtracted  our  normative  data  for  aging  ger- 
btls  from  the  measured  PTS,  The  result  is 
NUTS  as  shown  in  Figure  20-4. 

Is  the  simple  subtraction  earned  out  in 
Figure  20-4  an  appropriate  or  even  valid 
method?  Two  factors  support  the  procedure. 
One  is  the  coincidence’ between  the  shape  of 
the  NIPTS  (age-corrected)  audiogram  and  the 
asymptotic  threshold  shift  -(ATS)  audiogram 
observed  after  30  to  60  days  of  exposure.  The 
other  ns  the  coincidence  between  the  spectral 
shape  of  the  wide  band  noise  (500  to  4,000 
Hz)  and  the  audiometric  configuration  of 
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Figure  20*5  Examples  of  threshold  shifts  in  36- 
momh-old  "Mongolian  gerbds,  Note  that  the 
range  of  threshold  shifts  is  greater  than  65  UB. 
Arrows  on  the  datum  points  indicate  no  re¬ 
sponse  at  the  maximum  output  of  the  audiome¬ 
ter. 


Figure  20-6  A  bimodal  audiometric  configura¬ 
tion  observed  in  some  36  month  old  Mongolian 
gcrbilv  Bimoda)  ^  defined  as  a  peak  In  the  au¬ 
diogram  at  i  Ml/  with  a  IQ  dB  or  greater  loss  at 
adjacent  test  frequencies-  Note  that  In  ligure 
20-1,  permanent  threshold  shifts  produced  by 
exposure  to  noise  were  greatest  at  4  KHz  and 
decreased  at  ad/acent  frequencies.  In  other 
words,  the  audiometric  configuration  associated 
with  not<c  Induced  permanent  threshold  shift  in 
gerbds  is  opposite  in  shape  to  the  audiometric 
configuration  found  in  some  gerbds  who  ha\c 
aged  In  a  quiet  environment. 


NUTS.  That  Is,  NUTS  is  present  only  in  the 
frequency  region  of  the  noise.  There  is  5  dli 
or  less  NUTS  at  8  and  16  Mh  where  the  spec¬ 
trum  of  the  noise  contained  very,  little  energy. 
If  indeed  the  subtraction  procedure  is  valid, 
then  the  ITS  audiogram  shown  in  Figure  20-1 
is  mainly  an  aging  component  at  8  and  16  kHz, 
and  a  mixture  of  noise  and  aging  components 
at  lovv\r  frequencies. 

Although  the  simplicity  of  the  additivity 
notion  of  ITS  and  aging  effects  is  appealing 
and  is  perhaps  supported  by  coincidental  ob 
sc rva lions,  there  are  other  features  of  the  nor¬ 
mative  gerbil  data  (and  normative  human 
data)  that  detract  from  the  additivity  notion. 
The  most  obvious  is  the  variance  in  the  data. 
Pgure  20-5  shows  extreme  examples  of  16  of 
the  37  normative. ears  from  Figure  20-4.  The 
range  of  threshold  shifts  in  these  normative 
animals  is  greater  than  65  dB.  It  is  important 
to  recall  that  these  animals  were  l>orn  and 


reared  in  an  acoustic-dly  controlled  vivarium 
where  the-  ambient  sound  levels  rarely  ex¬ 
ceeded  40  dBA.  It  is  highly  unlikely  that  sound 
levels  of  40  dBA  and  less  produced  hearing 
losses  of  the  magnitude  shown  in  Figure  20*5. 
In  addition,  none  of  the  animals  had  impacted 
or  infected  ears,  and  none  tiad  ever  received 
medicinal  drugs.  Room  temperature,  diet,  and 
humidity  were  also  under  control.  Truly,  vari¬ 
ance  of  the  magnitude  shown  in  Figure  20-5  is 
remarkable,  and  makes  it  virtually  impossible 
to  separate  noise  effects  from  aging  effects  in 
individual  animals. 

Figure  20-6  shows  an  unusual  audiometric 
configuration,  which  we  have  called  bimodal 
That  is,  threshold  shift  is  least  at  4  kHz  and  in¬ 
crease  by  10  dB  or  more  at  adjacent  frequen¬ 
cies.  Tins  audiometric  configuration  was  ob¬ 
served  in  1 1  of  37  ears.  It  is  Interesting  for 
several  reasons.  One  is  that  the  audiometric 
configuration  noted  in  Figure  20  6 — bimo- 
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Figure  20*7  Permanent 
threshold  shifts  (1)  produced  by 
exposure  to  a  monaural  pure  tone 
(35  Ufz,  t  hour.  1 13  dB  SPL); 
(2)  produced  by  exposure  to  a 
wide  band  noise  (95  dBA,  1  i 
days);  and  (3) from  normative 
aging  data  from  37  ears  of  32 
gerbils,  age  3 6  months,  that  were 
reared  in  a  quiet  vivarium  (sec 
Mills  ctal/I990> 


FREQUENCY  (  KHz) 


Figure  20-8  Interaction  of  two 
separate  noise  exposures,  from 
figure  20*7.  with  the  effects  of 
aging  in  a  quiet  emironment.  also 
from  figure  20*7.  Data  shown  in 
Figures  20*1  through  20-3 
support  the  proposition  Out  the 
effects  of  the  two  noise  exposures 
arc  multiplicathc  (additive  in 
decibels),  Ihc  data  of  Figure  20-4 
support  the  assertion  that 
prcsb)cusic  thrcsliold  thifts  add 
(in  decibels)  to  the  threshold 
shifts  produced  by  exposure  to 
noise.  Thus,  \vhcn  the  threshold 
shifts  of  figure  20*7  arc  added  (in 
decibels)  as  shown  here, 
seemingly  minor  permanent 
threshold  shifts  become  serious 
when  considered  along  with 
potential  interactions. 


dal— is  opposite  In  shape  lo  the  NIPTS  audio- 
metric  configuration  shown  in  figure  20-4. 
llial  is,  in  Ihc  bimodal  category,  threshold 
shifts  are  minimal  at  4  kiu  and  increase  at  ad¬ 
jacent  frequencies,  whereas  in  NIPTS,  thresh- 
old  shifts  arc  mx’dmal  at  -1  kHz  and  decrease 
at  adjacent  frequencies.  Additional  analyses  of 
bimodal  audiograms  await  analyses  of  the  co¬ 
chlear  anatomy  of  these  animals. 

In  figure  20-7  we  have  replottcd  die  nor¬ 
mative  aging  data  from  Figure  20-i,  rite  ITS 
data  from  Figure  20-i  for  a  monaural  pure- 
tone  exposure,  and  Hie  PIS  data  from  Figure 
20-1  for  a  binaural  noise  exposure.  Each  one 
of  these  three  events  produced  a  seemingly 
minor  permanent  hearing  loss.  That  is,  in  the 
medicolegal  definition  of  hearing  handicap, 
tile  permanent  threshold  shifts  shown  in  Fig¬ 
ure  20-7  produce  a  minimal,  if  any  handicap 
However,  if  we  combine  die  effects  of  these 
three  events  in  a  manner  dictated  by  the  re¬ 


sults  of  ilte  experiments  reported  here,  then 
tile  permanent  threshold  shifts  produced  by 
tltc  three  events  arc  multiplicative  That  is,  tile 
permanent  threshold  shifts  are  additive  (as 
measured  in  decibels),  Tltc  result  is  demon¬ 
strated  in  Figure  20-8  in  which  thrcsliold 
shifts  arc  45  dll  at  i  and  16  kHz,  and  60  to  70 
dll  between  2  and  8  kHz.  TTius,  if  we  general¬ 
ize  these  results  front  laboratory  experiments 
to  tltc  field,  seemingly  minor  noise-induced 
hearing  losses  incurred  at  a  young  age  may- 
very  well  become  major  When  combined  with 
Hie  deleterious  effccls  of  age  and  other  noise 
exposures  as  well  as  the  possible  effects  of 
other  agents  including  drugs  and  disease.  In- 
deed,  perhaps  we  should  be  careful  about 
what  we  call  a  seemingly  minor  noise-induced 
permanent  hearing  loss.  Of  course,  many  addi¬ 
tional  data  are  needed  to  specify  tile  rules  for 
predicting  the  combined  effects  of  sequential 
ototoxic  events. 
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CO  FACTORS  IN  DEVELOPMENT  AND  AGING 


Deficits  Auditifs:  Effets  du 
Vieillissement  etdes 
Pertes  Auditives 
Pre-Existantes 

Lcs  causes  les  plus  communes  des  pertes 
auditives  ncurosensorielles  chez  les  adultes 
sont  I'exposition  au  bruit,  lc  vieillissement,  et 
l'interaction  tie  ces  deux  facteurs  entrc  cux, 
ainsi  que  beaucoup  d’autres  facteurs  cxtcri* 
eurs. 

Nous  avons  abordC*  1’elude  cxpcrimentale 
des  effets  du  bruit  ct  du  vieillissement  ct  de 
leurs  interactions  en  utilisant  conimc  module 
animal  la  gerboise  de  Mongolie.  L’approche 
experimental  cst  dirccte,  Les  gerboises  sont 
elevees  dans  un  vivarium  dont  le  niveau  so* 
nore  moycn  cst  de  -10  dB  (A).  Quclqucs  anl* 
maux  timoins  passerent  36  mois  dans  un  local 
ealme  tandis  que  d’autres  etaient  exposes  b 
des  bruits  dc  durccs,  de  nlveaux,  ct  de  spec¬ 
tres  variables.  Ax-ant,  pendant  ct  apres 
I’exposition,  pour  lcs  animaux  testes,  et  reg* 
ullcrcmcnt  pour  lcs  animaux  t£moins,  lcs 
sculls  auditifs  sont  cstimds  &  partir  des  poten¬ 
tials  exoques  du  tronc  cerebral.  A  un  age  de¬ 
termine,  habitucllcment  36  mols.  un  certain 
nombre  de  mesurcs  physiologlqucs  sont  effee* 
ttiecs  (potentlel  microphonique,  polemic! 
d’action,  potentlel  endocochleairc,  et  fibre 
unitalrc),  cnsultc  I’anlmal  est  prepare  pour  lcs 
etudes  anatomiques  comprenant  la  micro¬ 
scopic  electronlquc  et  i'immuno  hlstocliimie, 
Dans  cet  article  nous  envisagerons  2  interac¬ 
tions  possibles,  le  vieillissement  et  I’exposition 
au  bruit,  et  les  effets  d  une  perte  auditive  pre- 
cxistante  due  au  bmit  sur  une  nouvcllc  perte 
auditive  due  au  bruit. 

Dans  lc  cadre  dc  1’etude  dc  l’interaction 
des  effets  du  bmit  et  des  effets  du  xicilllsse- 
ment,  les  seuils  auditifs  d'un  groupe  d’animaux 
temoins  ont  etc  compares  h  ccux  d’un  groupe 
d’animaux  exposes  pendant  700  Jours  &  un 
bmit  large  bande  dc  85  dBA.  La  moyenne  des 
pertes  auditives  du  groupe  expose  au  bmit 
etait  supcrleurc  2k  la  moyenne  du  groupe  le- 
moin;  toutefois  qoand  la  moyenne  des  pertes 
du  groupe  temoin  etait  soustraite  (cn  dB)  dc 
celle  des  pertes  du  groupe  expose  au  bmit,  la 
courbe  rep  resen  tant  la  difference  ax-ait  la 
meme  forme  que  le  spectre  du  bmit.  Cette 
correspondance  autorise  la  pratique  courante 
dc  la  correction  des  PTS  (pertes  auditives  per* 
manentes)  induits  par  le  bmit  par  soustraction 
(en  dB)  d’un  facteur  dc  correction  lie  2k  I’age 
Bien  que  cette  pratique  semble  salable  pour 
des  donnees  de  groupcs,  ellc  serait  inadequate 


pour  des  donnees  mdis’iduelles.  Ceci  ctant,  les 
PTS  de  plusieurs  animaux -temoins  etaient  $u- 
perieurs  ~a  ceux  mesurcs  sur  des  animaux 
soumis  au  bmit. 

Au  sujet  des  pertes  auditives  dues  au  bmit 
preexistantes  2k  d’autres  pertes  auditives,  des 
groupes  de  gerboises  ont  .etc  exposes,  sur  une 
scule  oreillc,  b  un  son  intense  qui  produisait 
des  PTS  sur  Toreille  exposec.  Ensuite  lcs  ani¬ 
maux  etaient  exposds  2k  un  bmit  sur  les  deux 
oreilles.  Pour  d'autres  groupcs,  I’ordrc  de  pre¬ 
sentation  etait  Inverse.  Lcs  resultats  ne  confir- 
ment  pas  la  notion  scion  laquelle  une  perte 
auditixe  permanente  protege  l'oreille  cn  cas 
depositions  sonores  ultericurcs,  En  fait  lcs 
PTS  produits  soil  par  I’exposition  monaurale/ 
binaurale  soil  par  I'exposition  binaurale/mon- 
auralc  etaient  previsibles  cn  additlonnant  les 
TO  obtenus  (cn  dB)  suite  aux  expositions  se¬ 
parates.  Cet  effet  muitiplicatif  (additivite  en 
dB)  n’est  pas  cn  accord  avee  lcs  regies  cou- 
rantes  des  pertes  auditives  dues  au  bmit  ct 
avec  lcs  resultats  obtenus  dans  d’autres  labora- 
toircs  montrant  les  effets  protecteurs  d'expo- 
sitions  prealablcs. 
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CHAPTER  21 


Physiologic  and  Histopathologic 
Changes  in  Quiet-  and  Noise-Aged 
Gerbil  Cochleas 

RICHARD  A.  SCHM1EDT 
;BRADLEY  A.  SCHUI-TE 


Presbycusis,  the  loss  of  hearing  function 
with  age,  is  still  poorly  understood,  largely 
owing  to  the  lack  of  controlled  studies  on  ap* 
propriatc  animal  models.  We  have  been  using 
the  Mongolian  gerbil  to  explore  the  interac¬ 
tion  of  age  and  exposure  to  chronic,  low-level 
noise  on  hearing.  The  gerbil  has  some  compel¬ 
ling  advantages  over  other  animal  models.  For 
example,  its  auditory  system  is  well  character¬ 
ized  (Schmicdt  and  Zwislocki,  1977;  Smith, 
1977;  Ryan  and  Bone,  1978;  Ryan  et  al,  1982; 
Schwartz  and  Ryan,  1983;  Keithley  et  al,  1989; 
Schmicdt,  1982,  1986,  1989;  Schulte  and  Ad¬ 
ams,  1989,  Smith  ct  al,  1990).  The  gerbil  is  in¬ 
expensive  to  breed  and  rear,  it  is  relatively 
free  of  middle-ear  disorders  that  plague  other 
rodents,  it  lives  for  about  3  years,  and  it  has  an 
audibility  curve  that  closely  matches  that  of 
humans.  Finally,  the  gerbil  is  also  used  as  an 
animal  model  for  aging  in  other  organ  systems 
(Cheal,  1986). 

This  chapter  summarizes  some  of  the 
changes  in  the  gerbil  cochlea  that  occur  with 
age  and  with  chronic  exposure  to  low  level 
noise.  Two  experiments  attempted  to  clarify 
how  environment  and  genetics  combine  to 
yield  an  overall  hearing  loss  with  age.  The  first 
experiment  was  simply  to  age  animals  in  a 
quiet  environment.  Our  “quiet-aged”  gerbils 
are  born  and  reared  in  a  colony  where  the 
mean  noise  level  is  approximately  35  dBA, 
with  a  statistical  distribution  such  that  the  lev¬ 
els  are  below  49  dBA  99  percent  of  the  time. 
In  the  second  experiment,  gerbils  were  raised 
in  quiet  conditions  until  approximately  8 
months  of  age  and  then  were  transferred  to  a 
separate  enclosure,  wherein  a  band-limited 
noise  was  continuously  present.  The  noise 
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le\el  was  85  dBA  overall,  and  the  spectral  half- 
power  frequencies  were  0.5  and  4  kHz.  These 
“noise-aged”  animals  lived  in  the  noise  contin¬ 
uously  for  between  1  and  2  years.  Animals 
from  cither  group  were  removed  for  terminal 
physiologic  studies  when  ( 1 )  they  approached 
36  months  of  age;  (2)  they  showed  hearing 
losses  in  excess  of  60  dB  as  assessed  by  longi¬ 
tudinal  brain-stem  recordings;  or  (3)  either 
car  showed  signs  of  an  impending  outer-ear 
impaction.  The  median  life  span  for  gerbils  in 
our  colony  is  about  36  months.  A  more  de¬ 
tailed  description  of  these  procedures  can  be 
found  in  Milts  ct  al  (1990)  and  Schmicdt  ct  al 
(1990). 

Quiet-Aged  Results 

Hearing  thresholds  were  assessed  by  re¬ 
cording  compound  action  potentials  (CAPs) 
with  round-window  electrodes  during  the  ter¬ 
minal  experiment.  Thresholds  of  six  quiet- 
aged  animals  along  with  mean  control  data 
from  10  young  gerbils  arc  shown  in  Figure 
21-1.  There  is  an  essentially  parallel  shift  in 
thresholds  in  the  older  gerbils  at  frequencies 
below  4  kHz.  Above  4  kHz,  the  threshold 
shifts  increase,  often  with  substantial  variabil¬ 
ity  among  animals. 

While  collecting  the  CAP  data,  we  noticed 
that  the  amplitude  of  the  CAP  waveform  did 
not  grow  normally  with  increasing  stimulus 
intensity.  Tins  lack  of  growth  is  a  consistent 
finding  in  all  quiet-aged  gerbils.  Examples  of 
CAP  input/output  (I/O)  functions  from  young 
and  old  animals  are  shown  in  Figure  21-2  Fur¬ 
ther  analysis  demonstrates  that  both  the  slope 
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Figure  21-1  Coespooad  action 
pcseniLd  (CAP)  dvoixAb 
obtained  with  loot  pips  in  vx 
rpktagcd  pcihiK  Etebed  line 
plots  the  mean  thresholds  from  10 
young  cootfob,  mi*  error  tan 
indicating  the  stmebrd  error  c/  the 
mean  (SD1)  Note  the  pnQd  shih 
at  low  frequencies  compared  to  the 
cool  rot  d»ix  and  the  larger  shsfcs 
for  frequencies  above-l  kHz. 


Figure  21-2  Compound  act  too  potential  input'output 
(CAP  I/O)  functions  in  young  (open  symbols)  and 
quiet-aged,  36-momh-oId  (dosed  symbols)  gerbib. 
QP  responses  were  dieted  with  a  2  kHz  tone  pip  and 
recorded  at  the  cochlear  round  window  with  a  sdver- 
ball  electrode.  The  amplitude  was  measured  from  the 
negative  to  the  positive  peak  on  the  CAP  waveform  af¬ 
ter  averaging  50  responses.  Generally,  the  CAP  LO 
function  is  less  steep  and  saturates  at  lower  maximum 
values  in  aged  gerbils  as  compared  with  jtxing  control 
gerbils. 


and  the  maximum  amplitude  of  the  CAP  I/O 
functions  in  quiet-aged  gerbils  arc  significantly 
less  than  those  found  in  young  animals  (Hell- 
strom  and  Schmicdt,  1990a  )«  This  evoked  re¬ 
sponse  decrement  also  carried  over  to  the 
brain-stem  c\oked  response  (Mills  ct  al, 
1990),  but  is  not  present  at  the  Icscl  of  pri¬ 
mary'  cochlear  fibers;  i  c„  the  intensity  func¬ 
tions  of  single  fibers  arc  normal  in  shape  and 
in  dynamic  range  in  quiet  aged  gerbils  (Hell* 
strom  and  Schmicdt.  1990b).  A  possible  cause 
for  the  v  .orement  in  the  CAP  I/O  function 
may  6c  spiral  ganglion  cell  degeneration  (  Keith 
Icy  and  Feldman,  1982,  Keithley  ct  al,  1989>, 


our  preliminary  anatomic  results  tend  to  sup¬ 
port  these  data. 

Hair-eel!  kiss  in  the  quiet -aged  animals  is 
variable  and  is  almost  entirely  accounted  for 
by  the  loss  of  outer  hair  cells  (OHCs).  The 
OHC  Io^s  is  most  often  greatest  in  the  apex,  al¬ 
though  scattered  losses  are-  always  present 
ihroughsut  the  cochlea,  figure  21-3  illustrates 
a  typical  cochleogram  from  a  quiet-aged  gcrbil 
(RAS-39).  Respective  ooked-potenttal  thresh¬ 
olds,  single-fiber  tuning  curves,  and  two-tone 
suppression  boundaries  arc  also  shown  for 
gcrbil  RAS-39  in  Figure  21-5- 

Siriglc-fiber  characteristics  in  these  quiet- 
aged  gerbils  arc,  for  the  most  part  normal.  An 
exception  is  that  tuning  curves  (fig.  21-3)  arc 
elevated  around  their  characteristic  frequen¬ 
cies  (CFs).  Tail  thresholds  arc  approximately 
normal,  resulting  in  a  decreased  tip-to-tad  ra¬ 
tio  in  these  old  animals.  The  boundaries  of 
mo-tone  rate  suppression  arc  dearly  defined 
and  arc  approximately  non.<al  in  threshold, 
both  above  and  below  CF.  Suppression  is 
present  e\en  when  the  CF  threshold  is  ele¬ 
vated  as  much  as  40  to  60  dB  (Schmicdt  ct  al, 
1990). 

Despite  the  relatively  normal  single-fiber 
characteristics,  the  DC  cndocochlcar  potential 
(EP)  in  the  scala  media  is  definitely  abnormal 
in  aged  gerbils,  almost  certainly  owing  to  de¬ 
generation  of  the  lateral  wall  and  stria  vascu¬ 
laris  (see  Figs.  21-7  and  21-8).  figure  21-4  il¬ 
lustrates  some  mean  EP  data  with  percentage 
loss  of  strial  (unction  as  the  parameter.  Note 
that  even  with  a  25  to  75  percent  functional 
loss  as  estimated  subjectively  by  evaluating 
the  decreased  intensity  of  immunohistochcmi 
cal  staining  for  i\V,K*-ATPasc,  the  EP  can  still 
be  maintained  at  about  60  mV  over  most  of 
the  cochlear  duct  The  stria  always  degener- 


Figure  21-3  Cochlcogram.  evoked  response  thresholds  (top  right)  2nd  single-fiber  tuning  and  suppression  bound¬ 
aries  from  a  quiet-aged  gerbd  (RAS-39)  Tlx:  cochJcogram  plots  the  presence,  in  percent,  of  inner  (open  squares) 
and  combined  outer  hair  cdb  (OHCs)  (plus  signs).  Tbc  cochlear  map  is  derived  from  the  data  of  Schmk-dt  and 
ZwisJodri  (1977).  Tbc  confound  action  potential  (CAP)  thresholds  arc  plotted  as  a  dashed  lute;  the  thresholds  of 
the  brain -stem  response  arc  plotted  midi  filled  diamonds.  OIJC  toss  is  scattered,  with  the  greatest  loss  in  the  apex. 
Tuning  curves  (thick  lutes)  and  boundaries  of  two-tooc  rate  suppression  (thin  lines)  obtained  from  &ur  auditory- 
nerve  fibers  are  also  shown.  Suppression  contours  were  obtained  in  the  p;esatce  of  a  continuous  tone  at  the  clur- 
actcmtic  frequency  (CF)  of  the  fiber  at  15  dB  above  threshold  (sec  Schmiedt,  1982)  All  the  quiet-aged  gcrbils 
showed  cfcar  suppression  boundaries  above  and  bdow  CF  despite  20-  to  40<1B  shifts  in  CF  threshold  as  compared 
to  controls.  (Adapted  from  Schmiedt  R.V.  Mills  )ll,  Adams  JC  Tuning  and  suppression  in  auditory  nerve  fibers  of 
aged  gertxls  raised  in  quiet  or  noise.  Hear  Res  1990;  -15221*236.) 

-Figure  2 1-1- Mean  cndococtilcar  poten¬ 
tials  (EPs)  recorded  at  four  places  in 
joung  and  quiet  age'J  (3<>- month -old) 
gerhil  cochleas.  The  cochlear  locations 
correspond  to  the  third,  second,  and  first 
turns  and  the  round-window'  region,  go¬ 
ing  from  low*  to  high  frequency.  The  up¬ 
per  dashed  line  plots  mean  dau  from 
seven  young  controls.  Cochleas  were 
grouped  according  to  the  amount  of 
.st till  loss  as  judged  subjects  ely  from  the 
intensity  of  imnnmohistochcmka]  stain¬ 
ing  for  Na*K*  ATFasc  in  5  pm  paraffin 
sections  taken  at  125  pm  intervals  along 
the  entire  cochlear  duct.  No  immunorc* 
acme  Na'K'AlPoe  was  p.rscnt  in  the 
apical  turn  of  any  of  the  old  cochleas. 
later  degenerative  changes  began  in  the 
basal  turn  and  progressed  toward  the 
middle  turn.  The  25  percent  group  had  a 
0  to  25  percent  loss  of  staining  compared 
to  controls  over  the  remaining  cochlea, 
.1  1  10  -TOO  the  75  percent  group  had  a  loss  of  be* 

tween  25  and  75  percent,  and  the  100 
Frequency  in  kHz  percent  group  had  a  loss  of  between  75 

and  100  percent  The  numbers  xf  co- 
chlcas  in  tbc  25,  75,  and  100  percent 
groups  were  5.  5,  and  1.  respectively. 


I 
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figure  21-5  Corretaions  between  ibe  axapound  ac¬ 
tion  potential  (CAP)  threshold  shift  at  S  kllz  and  the 
oxJocochkar  potential  (EP)  recorded  at  the  ifiJtz  lo¬ 
cation  for  young  (ofi-n  squires).  JO^nonthold  (filled 
circles ).  and  36moeuhold,  quiet -aged  (open  imngfcs) 
pobiH  Each  potnt  represent!  a  paired  measurement  o( 
the  EP  and  CAP  from  one  cochlea.  The  greatest  effects 
of  the  EP  shift  on  CAP  thresholds  arc  seen  in  the  &>■ 
month-old  group. 


ales  first  in  the  apes,  then  in  the  basal  turn.  In 
this  group  of  cochlcas,  all  33  months  or  older, 
none  had  any  strial  function  in  the  apical  turn, 
but  most  retained  at  lease  some  normal-ap¬ 
pearing  regions  of  striae  in  the  middle  turn. 
When  strial  loss  is  75  tolOO  percent  through¬ 
out  the  cochlea,  the  EP  essentially  disappears, 
as  one  would  expect. 

Sewell  (198f)  showed  a  direct  relation 
between  CAP  thresholds  and  EP  in  acute  stud¬ 
ies  of  cats  using  ftirosemide  to  modulate  the 
EP.  A  linear  decrement  of  EP  logarithmically 
shifted  the  CAP  threshold,  thus  giving  rise  to  a 
relationship  of- approximately  1  mV  per  dO; 
La,  a  I -mV  decrease  in  the  EP  resulted  in. a 
I-dB  increase  in  the  CAP  threshold/  Howes  er, 
the  slope  constant  was  variable  among  cats 
and  among  single-fiber  thresholds  in  any  given 
cat.  The  point  is  that  there  is  a  direct  relation¬ 
ship  between  the  EP  in  millivolts  and  neural 
thresholds  in  decibels  in  normal,  acutcly-prc* 
pared  cats.  Tlius,  it  was  of  interest  to  analyze 
our  CAP  threshold  data  and  relate  it  to  the  EP 
recorded  at  the  appropriate  place 

CAP  thresholds  were  cotrelatcd  with  EP 
in  young  controls  and  to  30  month-old  and 
36-month-oJd  gerbils  aged  in  quiet.  EP  was  re¬ 
corded  at  four  locations  along  the  cochlear 
duct  corresponding  to  0.5,  2,  8,  and  20  kllz. 
The  resulting  correlation  between  the  CAP 
thresholds  ara  the  value  of  the  EP  present  in 
the  scala  media  at  the  8  kHz  location  is  shown 
in  Figure  21*5.  A  correlation  coefficient  of 
0  68  implies  that  about  46  percent  of.  the  vari¬ 
ability  of  the  CAP  data  can  be  accounted  for 


by  the  variation  in  the  EP.  The  data  show*  that 
there  is  a  correlation  between  EP  values  and 
CAP  thresholds  only  In  the  36- month -old 
group;  in  the  30-roomh-old  group,  there  is  an 
EP  shift  in  mans*  animals,  but  it  is  not  corre¬ 
lated  with  shifts  in  CAP  thresholds.  Obviously, 
other  factors  besides  the  decrement  in  EP  are 
inv  olved  in  the  neural  threshold  shifts  in  these 
-  quiet-aged  gerbils- 

Some  morphologic  differences  between 
the  stria  vascularis  or  voting  and  old  gerbils 
are  illustrated  in  Figures  21-6  and  21-7.  Mar¬ 
ginal  cells  show'  extensive  atrophic  changes  in 
regions  of  strial  degeneration  in  old  gerbils; 
thus,  it  is  not  surprising  that  the  EP  is  de¬ 
creased  in  these  animals.  Changes  in  strial 
function  with  age  arc  more  clearly  demon¬ 
strated  by  a  decrease  or  loss  of  immunostain- 
ing  for  Na%K*-ATPasc,  35  shown  in  Figure 
21*8.  Ibis  technique  provides  a  much  more 
accurate  and  reproducible  means  of  evaluating 
strial  function  than  docs  the  examination  of 
histologic  preparations  under  the  light  or  elec¬ 
tron  microscope. 

Noise-Aged  Results 

CAP  thresholds  from  five  noise-aged  gcr- 
bds  arc  shown  in  Figure  21-9.  The  midfre¬ 
quency  loss  is  almost  certainly  due  to  the 
noise  exposure  and  not  to  aging  (compare  Fig 
21-1).  Moreover,  the  Iow'-frcqucncy  thresh¬ 
olds  of  these  animals  vary  considerably  and 
arc  less  sensitive  than  those  of  the  quiet-aged 
group. 

Single-fiber  data  from  two  noise-aged  ani¬ 
mals  are  shown  in  Figures  21-10  and  21-11 
The  data  in  both  figures  arc  arranged  as  in  Fig¬ 
ure  21-3-  Gerbil  RAS-28  (Fig.  21-10)  was  only 
aged  in  the  noise  for  12  months  and  was  24 
months  old  at  the  time  of  the  terminal  experi¬ 
ment  This  animal  was  removed  from  ihc 
noise  prematurely  because  of  an  impending 
impaction  in  an  outer-ear  canal.  Even  so.  Scat¬ 
tered  hair-cell  loss  is  present  throughout  the 
cochlea,  but  concentrated  in  the  midfre¬ 
quency  region,  the  region  most  affected- by 
the  noise.  The  tunir.g  and  suppression  bound¬ 
aries  of  the  primary  fibers  were  definitely  ab¬ 
normal:  tuning  curves  were  mostly  bowl 
shaped  for  CFs  below  about  10  kHz,  and  sup¬ 
pression  was  absent  above  and  bclovy  CF.  For 
CFs  above  10  kHz,  the  tuning  curves  regained 
their  normal  tip  and  tail  features,  although  the 
CF  thresholds  were  still  elevated  by  10  to  15 
dB  over  those  of  young  controls.  Two  tone 
suppression  reasserted  itself  in  these  higli-CF 
fibers  as  well,  Tims,  the  basal  turn  of  this  co- 
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Figure  21-6  A  Toluidmc  blue  Mamed  epoxy  section  from  the  500  Hr  region  of  a  6-monthold  quiet  reared  gcrbil 
illustrates  normal  morphology  of  the  stria  vascularis  and  spiral  ligament  (  x  800).  D,  Thin  section  taker  from  (he 
same  region  shows  a  strial  \ csscl  (V)surrounded  by  the  mitochondrial  laden,  high ty-ampl died  basolateral  plasmalcm 
ma  of  marginal  cells  (.MX  Intcrdjgitaiing  processes  of  basal  cells  (arrows)  form  the  boundary  between  the  stria  vas¬ 
cularis  and  the  underlying  spiral  ligament  ( x  1 3.000 X 


Figure  21*7  A,  Thick  section  from  the  500  Hz  region  of  a  36-month-old  quiet-aged  gcrbll  cochlea  shows  extensive 
degeneration  of  the  stna  vascularis  and  thinning  of  the  underlying  spiral  ligament  (x  800)  (see  Fig.  2f-6A)  B 
(x  17,000)  and  C  (x  22,000)  illustrate  histopathologic  changes  In  the  SOO-Hz  region  of  cochlcas  from  two  differ¬ 
ent  36-month-old  quiet-reared  gcrbils.  No  patent  capillaries  were  seen  in  regions  of  the  stria  that  have  reached  this 
stage  of  degeneration.  In  D,  Urge  areas  occupied  by  hyahne-Uke  material  (asterisks,  may  represent  remnants  of  stnal 
blood  vessels.  In  B  and  C,  the  scab  media  is  bordered  by  atrophied  marginal  cells  that  still  maintain  their  tight 
junctions  (B,  arrowhead).  Decreased  thickness  of  the  stna  is  largely  due  to  loss  of  marginal  cell  basola.eral  mem 
branc  specializations.  Suial  intermediate  cells  (I)  generally  show  an  increase  in  size  and  clustering  of  their  melanin 
granules.  BasaKctls  (arrows)  appear  to  be  unaffected. 
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Figure  21*8  Ccrbil  cochleas  tmmunostamed  with  a  1.2,000  dilution  of  an  antiserum  raised  against  bovine  brain 
cortex  Na*K+  ATPasc.  A  Cochlea  from  a  6-month-oId  quiet  reared  animal  shows  uniform  distribution  of  NVKf 
ATPasc  In  serial  marginal  cells  of  all  three  turns  (  x  60).  B,  Cochlea  from  a  30-monih-old  quiet  reared  animal  shows 
complete  loss  of  Immunorcactnc  Na+K*  ATPasc  In  the  stria  vascularis  of  the  apical  turn  (arrows)  and  grcatl)  di 
mmuhed  immunoreactivny  In  the  middle  turn  (arrowheads)  (x  60).  More  details  of  the  methods  can  be  found  in 
Schulte  and  Adams  ( 1989) 


Figure  21*9  Compound  action 
potential  (CAP)  thresholds  obtained 
with  tone  pips  In  fi\c  noise-aged 
gerbils.  Otherwise,  the  figure  is  the 
same  as  Jigurc  2M«  Note  the 
midfrequency  elevation  in  thresholds 
caused  by  the  noise  exposure  (0.5  to  I 
kHz.  85  dBA)  Also,  variability  Is 
greatest  at  low  frequencies,  opposite 
to  that  which  is  found  in  quiet  aged 
animals. 
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Figure  21-10  Cochlcogram,  evoked  response  thresholds  (top  right)  and  single-fiber  tuning  curves  and  suppression 
boundaries  from  a  noise-aged  getbd  (RAS-28).  Otherwise,  the  data  arc  plotted  as  in  Figure  21-3.  The  compound 
action  potential  (CAP)  audibility  curve  has  a  notch  that  docs  not  correspond  to  any  large  loss  of  hair  cells  or  gan¬ 
glion  cells.  Single  fiber  tuning  curses  were  bowl  shaped,  except  for  fibers  of  high  characteristic  frequency  (CFX 
Similarly,  two- tone  suppression  was  absent  except  for  high-charactcnstic  frequency  fibers.  It  is  hypothesized  tlut 
the  noise  exposure  destroyed  the  normal  two-tone  interactions  in  this  cochlea,  however,  the  basal  cod  was  spared, 
given  the  decreasingly  small  amount  of  noise  energy  above  4  kHz.  (Adapted  from  Schmicdt  RA,  Mills  JH,  Adams  JC. 
Tbning  and  suppression  in  auditor)’  nerve  fibers  of  aged  gcrbils  raised  in  quiet  or  noise.  Hear  Res  1990,  45  221* 
236.) 


chlca  was  able  to  “age”  normally  despite  the 
I -year  exposure  to  the  noise. 

Gcrbil  RAS-45  remained  in  the  noise  for 
700  day’s  and  was  36  months  old  at  the  termi¬ 
nal  experiment.  The  hair-cell  loss  in. the  mid 
and  apical  turns  under  these  conditions  was 
far  rno^c  pronounced  Than  that  for  the 
younger  animal,  RAS-28  (Fig  21-10).  Yet,  even 
with  losses  of  OHCs  approaching  60  percent, 
two-tone  suppression  below  CF  was  always 
present,  even  for  fibers  with  bowl-shaped  tun¬ 
ing  curves.  Suppression  above  CF  reappeared 
in  fibers  with  CFs  above  about  8  kHz.  Thus,  it 
seems  that  a  full  complement  of  OHCs  is  not 
necessary'  for  suppression  below  CF,  and  that 
suppression  above  and  below  CF  arc  indepen¬ 
dent  phenomena  (Schmiedt  ct  al,  1990).  As  in 
the  previous  noise-aged  animal,  the  basal-most 
fibers  seemed  to  escape  the  effects  of  the 
noise  exposure. 


Perhaps  the  secret  to  maintaining  sup¬ 
pression  below’  CF  is  the  condition  of  the  in 
ner  hair  cells  (IHCs)  The  photomicrographs 
in  Figure  21-12  show  a  view  of  the  mid  co¬ 
chlea  of  RAS-45  focused  at  the  plane  of  the 
stcreocilia  (left)  and  radial  fibers  (right).  OHC 
loss  is  certainly  evident,  yet  few  IHCs  are 
missing,  and  the  density  of  radial  fibers  is  ap¬ 
parently  normal.  Sections  of  missing  radial  fi¬ 
bers  were  rarely  seen  in  either  the  quiet-  or 
noise-aged  gerbils.  The  ears  were  not  pro¬ 
cessed  in  a  way  to  optimize  observation  of  ste- 
rcocilia,  thus  stcreocilia  have  not  been  system 
atically  examined  in  either  the  quiet-  or  noise- 
aged  group.  It  is  probable,  however,  that  stcre¬ 
ocilia  hold  at  least  part  of  the  explanation  of 
the  elevated  thresholds  seen  in  the  noise-aged 
animals  as  compared  to  the  quiet  aged  ani¬ 
mals.  We  have  seen  stcreocilia  aberrations  in 
both  groups,  but  it  is  difficult  to  determine 


Figure  21*11  Cochlcogram,  evoked  response  thresholds  (top  right)  and  single  liber  tuning  curs  es  and  suppression 
boundaries  from  a  noise  aged  gerbd  (RAS-15).  Otherwise,  the  data  arc  plotted  as  in  Figure  21*3  This  gcrbil  had 
extensive  hair-cell  loss,  especially  in  the  region  corresponding  to  the  noise  spectrum.  Unlike  the  previous  noise* 
aged  gcrbil  (RAS-28),  most  of  the  contacted  auditory-nerve  fibers  in  this  gcrbil  had  well  defined  suppression  below 
characteristic  frequency  (CF),  even  those  fibers  having  bowl  shaped  tuning  curves.  Those  fibers  associated  with  the 
noise,  however,  exhibited  no  suppression  above  CF.  Data  such  as  these  suggest  that  suppression  above  CF  is  more 
vulnerable  than  suppression  below  CF  to  chronic,  low-level  noise,  and  that  suppression  areas  above  and  below  CF 
arc  more  or  less  Independent.  (Adapted  from  Schmledt  RA,  Mills  JH,  Adams  JC.  Tuning  and  suppression  in  auditory 
nerve  fibers  of  aged  gcrbils  raised  in  quiet  or  noise,  Hear  Res  1990,  <<5.221*236.) 


Figure  21-12  Photomicrographs  taken  from  the  1  Mli  region  of  a  surface  preparation  of  a  36  month-old  gcrbil 
raised  in  noise  (RAS  45R)  A  More  than  50  percent  of  the  outer  hair  cells  (OHO)  arc  missing  or  damaged,  but  the 
inner  hair  cells  (IHC)  appear  to  be  in  relatively  good  shape.  The  condition  of  the  sttrcocilu  could  not  be  judged 
with  certainty  in  these  preparations  ( x  880).  D.  Despite  the  large  number  of  missing  OHCs  (A)  and  a  compound 
action  potential  threshold  elevation  of  around  60  dB.  the  density  of  radial  fibers  (RF)  docs  not  appear  to  be  dimin¬ 
ished  (X  i  (0)  With  the  exception  of  the  greater  number  of  lost  or  damaged  OHCs  in  noise  exposed  cars,  no  ob 
vious  morphologic  differences  were  seen  in  surface  preparations  of  age  matched  animals  raised  in  quiet  or  noise 
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whether rthe  abnormalities  are.' real  or  artifac- 
tual, 

In  summary,  we  find  that  the  effects  of 
’  clironic,  lpw-Ie\eI  noise  arc  additive  to  the  ef¬ 
fects  of<age  in  a  qualitative  and'quantitativc 
sense  (Mills  ct  a!,  1990;  Schmiedt  et  al,  1990). 
Thus,  no  matter  what- the  genetic  background 
of  the  individual,  the  environmental  influence 
of  noise  exposure  during  a  lifetime  will  add  to 
any  loss  dictated  by  genetics. 

Modifications 
/Physiologiques  et 
Histo'pathologiques 
Observees  sur  des 
Cochjees  de  Gerboises 
Elevees  dans  un 
Environnement  Caime  ou 
dans  le  Bruit 

Lcs  factcurs  gcnctiqucs  ct  cnvironncmcn- 
taux  sont  lcs  causes  princlpalcs  tics  pertes  an- 
dltivcs  chez  lcs  personnes  age-es.  L'mtcraction 
<lu  bruit,  ct  dc  l  age  a  etc  cxplorcc  Mir  deux 
groupcs  dc  gerboises  dc  Mongolia  qul  etaient 
eleves,  I'un  dans  ic  ealme,  l’autrc  dans  un  local 
bruyant  (bruit  dc  85  dll  (A),  frequences  0,5  4 
•1,0  KHz),  la  tlurec  disposition  au  limit  ctait 
comprise  entre  365  ct  721  jours.  Ixrs  rcsultats 
ont  etc  compares  avee  ccux  d'un  groupc  con- 
trcVIc  compose  dc  jcuncs  sujets  eleves  dans  1c 
ealme,  A  la  fin  dcs  experimentations  Page  dcs 
sujets  variait  dc  21  it  13  mois,  Page  ntoycn  dc 
none  colonic  ctant  dc  36  mois.  I.’audition 
etait  contiOlcc  au  ntoycn  dcs  tests  suivants: 
potenticl  d'aclion  global  (CAP),  potcmicl  cm 
docochlt-ahc  (HP)  ct  reponse  dc  fibres  uni- 
taircs  au  niveau  du  nerf  auditif,  I.es  cochlccs. 
dcs  groupcs  dc  controlc  "sujets  jcuncs”,  ct  dcs- 
groupcs  dc  sujets  ages  vivant  au  calntc  “4g6s- 
ealme”  ont  etc  sounds  aux  ntentes  examens 
morphologiqucs  ct  immunohlstochlnriques. 
Lcs  cochlccs  dcs  sujets  ages  sounds  au  bruit 
“agcs  bniit”  ont  etc  sounds  aux  examens  mor- 
pboiogiques  scuicmcnt. 

Us  scuils  auditifs  montrent  unc  variabihic 
considerable  4  lintcriclir  des  deux  groupcs  dc 
sujets  ages,  ccux  vivant  dans  Ic  ealme  ct  ccux 
vivant  dans  Ic  bruit,  mais  ils  augmentent  avee 
Page  dans  lcs  deux  groupcs.  Dans  le  groupc 
“ages-ealme”.  la  moyenne  des  scuils  du  CAP  4 
36  mors  montre  unc  variation  imifomie  dc  20 
dB  dc  0,5  4  4  kHz,  qul  croit  jusqu’4  30  dB 
pour  lcs  frequences  plus  elevees.  Us  courbcs 
fibres  u  Hilaries”  montrent  egalemcnt  dcs  vari¬ 


ations  de.seuils,  mais  scuicmcnt  autour  dc  la 
frequence  caractcristique  (CF),  les  scuils  aux 
autres  frequences  sont  normaux..  Par  conse¬ 
quent  le  rapport  maxi-mint  (tip-to  tail)  est  rc- 
duicchcz  lcs  sujets  “ages-ealme”.  Us  non-lin- 
carites  corrcspondant  4  la  suppression  entre 
deux  tons,  sont  presentes  4  la  fids  au-dessus  ct 
au  dcssous  dc  la  frequence  caractcristique 
dans  le  groupe  “ages-ealme". 

Us  cochlccs'  du  groupe  “ages-ealme” 
montrent  dcs  pertes  dispcrsces  de  cellules  cil¬ 
ices  externes  (OHCs),  principalcmern  4  Papex 
ct  4  la  base,  mais  presque  pas  de  pertes  de  cel¬ 
lules  clliecs  internes  (IHCs)  L'atrophic  de  la 
strie  vascularis  dans  Ic  groupc  “ages-ealme” 
est  tine  decquverte  intyret-sante.  La  dcgcnercs- 
ccnce  de-la  strie  vasculahc  apparait  d'abord 
dans  le  tour  apical  crcnsuiie  dans  le  tour  de 
base  quand  Ic  stijei  avarice  en  age.  Us  colora¬ 
tions  Immunohistochimiques  Na.K-A'I'Pasc 
confirment  une  reduction  notable  dc  la  fonc- 
tion  dc  ,1a  strie  vasculalrc  avee  Page,  corrclcc 
avee  la  reduction  du  potcmiebcndocochleairc 
pour  certains  sujets  pris  Individucllcmcm. 

Us  sujets  “agfs-lmiit"  ont  dcs  variations 
dc  seuils  plus  importantes  que, les  sujcls  “ages- 
ealme”  pour  lcs  frequences  comprises  dans  la 
bandc  dc  bruit.  Comme  pour  le  groupe  “agtis 
ealme”  elics  sont  localisccs  principalcmern  4 
la  poiute  des  courbcs  dc  fibres  unitaltcs.  Con- 
trahement  aux  sujets  ".iges  calme"  la  suppres 
slon  entre  deux  tons  est  souvent  absente  dans 
le  groupc  “ages-bnm.”  On  ria  jamais  remarque 
dc  suppression  au-dessus  dc  la  frequence  car- 
actcristiquc,  pour  lcs  fibres  avee  CFs  dans  la 
bande  dc  bruit,  quoique  la  suppression  a  pu 
quclqucfois  itre  demontree  cn-dcssous  de  la 
frequence  caractcristique. 

Us  sujets  “agcs-bniit”  montrent  une  plus 
grande  perle  de  cellules  cilices  externes 
(OHCs)  que  lcs  sujets  “ages  ealme"  sur  lcs  em¬ 
placements  dc  la  cochlee  corrcspondanls  au 
bruit.  Comme  pour  les  sujets  “ages-ealme'  on 
observe  pea  dc  pertes  dc  cellules  cillees  in¬ 
ternes.  i.'alrophie  dc  la  sine  vasculairc  ria  pas 
etc  observee  ebez  les  sujets  "ages  bruit”, 

Ces  rcsultats  dcniontrcnt  que  l'cxposition 
au  bruit  cxacerbc  les  penes  auditives  dues  4 
Page.  Ccpcndanl.  la  ncltc  variabibte  dans 
I'ctendue  des  changcnients  physiologiques, 
morphologiqucs  et  bistocbimiqiies  observee 
entre  les  sujcls  “ages  ealme”,  restes  dans  le 
mi-nic  environnement  suggere  une  influence 
genelique  direcic  sur  les  pertes  auditives  dues 
4  Page. 
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CHAPTER  22 


Psychoacoustic  Characterization  of 
Two  Types  of  Auditory  Fatigue 

MAR1E-CLAIRE  BOTTE 
SABINE  MONIKIIEIM 


Auditory  fatigue  generally  refers  to  the  tern* 
porary  loss  of  auditory’  sensitivity  that  takes 
place  after  exposing  the  car  to  an  intense 
sound.  Auditory  fatigue  has  been  measured  in 
many  experiments  by  the  increase  in  absolute 
threshold,  or  temporary'  threshold  shift  (TTS), 
and  in  a  few  others  by  the  reduction  of  loud¬ 
ness,  or  temporary  loudness  shift  (TLS).  How* 
ever,  TTS  and  TLS  also  appear  with  exposures 
to  moderate  and  even  low-level  sounds,  pro¬ 
vided  that  the  test  level  (for  TLS  measure¬ 
ment)  is  lower  than  the  exposure  level.  Tills 
second  type  of  auditory*  fatigue  lias  been 
known  for  many  years,  but  its  study  was  never 
totally  completed.  Insofar  as  TTS  was  very 
small,  few  experiments  measured  TLS  from 
low-Ievcl  exposures,  probably  because  it  was 
expected  to  be  even  weaker  than  TLS. 

This  chapter  examines  the  psychoacoustic 
specifics  of  these  two  types  of  fatigue  in  the 
domain  of  intensity  perception.  Physiologic 
data  strongly  suggest  a  cochlear  origin  of  the 
shifts  of  threshold  and  loudness'  (Abbas,  1983, 
Cody  and  Johnstone,  1981;  Lonsbury  Martin 
and  Mcikle,  1978).  Focusing  on  threshold  and 
loudness  during  auditory*  fatigue  is  useful  in 
forming  a  theory  of  active  cochlear  mecha¬ 
nisms,  because  threshold  and  loudness  are  in- 
\olved  in- the  detection  of  low-level  sounds 
(Johnstone  ct  al,  1982). 

Wc  will  present  a  series  of  “fatigue  pat¬ 
terns*  due  to  different  exposure  levels  and  fre¬ 
quencies,  Fatigue  patterns  show  the  amounts 
of  TTS  and  TLS  as  a  function  of  the  test  fre¬ 
quency  in  the  fatigued  range.  The  patterns  for 
high  level  and  low-level  exposures  will  be  de¬ 
scribed.*  In  turn,  the  role  of  exposure  duration, 
frequency,  and  level  will  be  examined  to  the 
extent  that  data  arc  available. 


TTS  and  TLS  Patterns 
from  High-Level 
Exposures 

According  10  a  number-of  studies  re¬ 
viewed  by  Ward  (1973),  ITS  that  persists  for 
longer  than  2  minutes  but  shorter  than  16 
hours  after  the  end  of  the  exposure  may  be  re¬ 
garded  as  -physiologic-  long  term  fatigue  that 
is  always  completely  recovered.  Tins  type  of 
fatigue  appears  once  the  exposure  Sl’l.  ex¬ 
ceeds  a  critical  value  of  70  to  75  dB.  Few  ex¬ 
periments  have  compared  threshold  recovery 
to  loudness  recovery  extensively.  McPherson 
and  Anderson  (1970)  found  the  time  course 
of  recovery  similar  for  TTS  and  US  after  a 
5-minnte  exposure;  however,  for  longer  expo¬ 
sure  duralions  (JO  to  90  minutes),  ltotte  and 
Chocholle  (1979)  suggested  that  T1S  at  low 
sensation  levels  recovers  more  slowly  than 
TTS. 

Tile  frequency  pattern  of  TTS  shows  a 
maximum  loss  for  a  frequency  higher  than  the 
exposure  frequency,  a  peculiarity  that  is  com¬ 
monly  designated  -the  halfoctave  shift"  of 
TTS,  Tile  amount  of  TTS  at  the  exposure  fre¬ 
quency  is  much  smaller  and  often  not  measur¬ 
able. 


Role  of  Exposure  Duration 

After  exposures  to  continuous  octave- 
band  noises  in  human  subjects,  TTS  increases 
as  a  function  of  exposure  duration  for  4  to  1 2 
hours  and  then  reaches  a  plateau  or  asymptote 
(Mills  ct  al,  1979),  whereas  the  asymptotic 
level  of  TTS  appears  after  only  1  to  2  hours  in 
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cases  of  impact  noises  (Laroche  ct  al,  1988). 
Maximum  TTS,  as  well  as  the  rate  and, dura¬ 
tion  of  its  growth,  depend  on  the  frequency 
and  level  of  exposure  (Ward  ct  al,  1959;  Mills 
ct  al,  1970,  1979)  Despite  the  absence  of  sys¬ 
tematic  measurements,  according: to  the  pio¬ 
neer  work  of  Davis  ct  al  (1950)  and  the  later 
confirmations  of  Mills  et  al  (1970)  and 
McPherson  and  Anderson  ( 1970),  the, growth 
of  loudness  shift  is  supposed  to  reproduce  that 
of  VIS.  However,  McFadden  and  Plattsmier 
( 1982b,  1983)  demonstrated  TLS  without  TTS 
at  the  exposure  frequency.  Scbald  ( 1987)  also 
found  Tli>  both  at  frequencies  higher  than  the 
exposure  frequency  and  at  the  exposure  fre¬ 
quency  itself.  These  results  suggest  some  dis¬ 
crepancy  between  the  respective  growths  of 
VI'S  and  TLS. 

Role  of  Exposure  Frequency 

Maximum  Amount  of  TTS  and  TLS 

TTS  from  tones  or  noise  bands  with 
equivalent  SPL  in  different  frequency  regions 
have  often  been  measured  (Davis  ct  al,  1950; 
Mills  ct  al,  1979;  Thompson  and  Gales,  196li 
Ward,  1962),  It  has  generally  been  assumed 
that  for  constant  SPL,  “the  higher  the  exposure 
frequency,  at  least  up  to  *1,000  or  6,000  Hz, 
the  greater  the  TPS”  (Ward,  1973).  Moreover, 
Botte  et  al  ( 1990)  found  no  significant  differ¬ 
ences  among  maximum  TTSs  from  pure- tone 
exposures  (250  to  6,000  Hz)  at  equal  sensa¬ 
tion  levels  (80  OB  above  threshold)  and  sug¬ 
gested,  after  averaging  data  of  a  number  of 
subjects,  that  a  constant  power  input  to  the 
cochlea  results  in  a  constant  TTS  whatever  the 
exposure  frequency,  at  least  for  levels  that  are 
close  to  the  critical  value. 

A  peak  of  TLS  also  occurs  at  the  test  fre¬ 
quency  showing  the  maximum  TTS,  but  TI.S 
dependence  on  the  exposure  frequency  lias 
never  been  Investigated  in  detail.  During  audi¬ 
tory  fatigue,  the  amount  of  TLS  strongly  de¬ 
pends  on  the  test  level.  At  test  frequencies 
showing  a  noticeable  TTS,  the  loudness  func¬ 
tion  is  similar  to  those  observed  for  a  partially 
masked  sound,  and  to  those  observed  in  sen¬ 
sorineural  path  >gies  with  typical  recruit¬ 
ment,  For  a  fatigued  ear,  when  the  level  of 
stimulus  increases  above  an  abnormally  ele¬ 
vated  threshold,  the  loudness  grows  more  rap¬ 
idly  than  for  an  unfatigued  car,  then  TLS  de¬ 
creases  as  a  function  of  the  test  level.  Because 
of  different  exposure  conditions,  the  test  level 
at  which  T1S  becomes  negligible  varies  among 
experiments  between  70  dB  S1J1  (Piazza, 
1966),  80  dB  HL  (Young  and  Hubert*  1975), 


and  100  dB  SPL  (Davis  et  al,  1950).  Botte  and 
Scharf  (1980)  measured  loudness  functions 
for  a  1500-Hz  tone  with  and  without  masking 
by  a  700  Hz  tone,  before  and  after  an  expo¬ 
sure  to  a  1,000  Hz  fatiguing  tone.  They  dem¬ 
onstrated  that  TLS  from  auditor)'  fatigue  accu¬ 
mulates  with  TLS  due  to  partial  masking 

Extension  of  the' Fatigued  Range 

Fevy  experiments  have  investigated  the 
TTS  frequency,  pattern  as  a  function  of  expo¬ 
sure  frequency,  yet  once  again  Davis  et  al 
( 1950)  set  the  example.  However,  instead  of 
plotting  TTS  for  the  different  tested  frequen¬ 
cies  as  a  function  of  the  frequency,  level,  and 
duration  cf  the  exposure,  they  calculated  an 
•'average  hearing  loss”  covering  two  octaves. 
Figure  22-1  shows  frequency  patterns  of  ITS 
as  a  function  of  exposure  frequency  of  pure 
tones  at  a  constant  exposure  level  (80 
dB  SI.). 

Differences  in.  the  ranges  of  fatigue  are 
clean  as  the  exposure  frequency  increases,  not 
only  docs  the  maximum  TTS  come  closer  to 
the  exposure  frequency,  but  also  the  total 
range  of  frequencies  over  which  there  is  TFS 
diminishes  (3.5  octaves  for  250-1  Ik  exposure, 
2. octaves  for  1,000-  and  2,000-Hz  exposures. 
1  octave  for  4,000-  and  6,000-Hz  exposures). 
When  the  exposure  frequency  becomes 
higher,  maximum  TTS  occurs  at  frequencies 
that  arc  closer  and  closer  to  the  exposure  fre¬ 
quency  ( 1.3  octaves  for  250  Hz  exposure,  0.9 
octaves  for  500-Hz  exposure,  06  to  0.5  oc¬ 
taves  for  1,000-,  2,000-,  and  4,000-Hz  expo¬ 
sures,  and  0.3  octaves  for  6,000-Hz  exposure) 
These  results  depart  from  the  half-octave  rule 
and  show  that  the  frequency  pattern  of  TTS, 
and  probably  also  that  of  TLS,  strongly  de¬ 
pends  on  the  exposure  spectra.  Figure  22-2 
presents  similar  results  for  bamMimited  noise 
exposures.  Four  different  noise  bands  having  a 
width  of  four  critical  bands  (200  to  630  Hz, 
630  to  1,270  Hz,  1,270  to  2,300  Hz,  and  2,300 
to  4,400  Hz)  were  monaurally  presented  for 
45  minutes  at  90  dB  SPL  Average  TTSs  of  10 
subjects  arc  plotted  as  a  function  of  the  dis¬ 
tance  between  the  lest  frequency  and  the  cen¬ 
tral  frequency  of  the  exposure  sound. 

Maximum  TTSs  occur  at  test  frequencies 
0.7  to  0.8  octaves  above  the  central  frequency 
of  the  exposure  for  the  three  noise  bands  with 
the  highest  frequencies,  but  occur  at  1.3  oc¬ 
taves  above  the  central  frequency  for  the  band 
of  200  to  630  Hz.  By  comparing  Figures  5,  6, 
and  7  from  Mills  et  al  ( 1979),  one  can  sec  that 
TTS  range  extends  farther,  in  octaves,  above 
the  spectral  components  of  the  exposure 
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Figure  22-1  For  12  subjects,  mesa  moiuural  temporary  ihrcshoitl  shift  (TTS)  plotted  a>  a  function  of  the  ratio  of 
the  test  frequency  to  the  ipsillteral  exposure  frequency  <WE„j„>.  Each  panel  is  for  a  different  exposure  fte 
quency  inth  constant  level  (80  dll  SI)  and  duration  (JO,  15,  or  60  minutes,  depending  on  the  subjects)  (From 
Bone  MC.  Baruch  C  Dancer  A  TIE  as  a  function  of  exposure  frequency,  J  Acoustlquc  1990,  J  55-57.) 


TTS  (dB) 


DISTANCE  FROM  CENTRAL  FREQUENCY  (OCTAVES) 


Figure  22*2  For  10  subjects  m«n  monaural  temporary  threshold  shift  (TTS)  after  a  45  minute  ipsiUcraJ  exposure 
to  a  noise  band  at  90  dB  SPLas  a  function  of  the  distance  between  the  test  frequency  and  the  central  frequency  of 
the  noise  band. 


noise  band  as  the  exposure  spectrum  is 
moved  toward  lower  frequencies. 

Frequency  patterns  for  TLS  as  a  function 
of  exposure  frequency  exhibit  the  same  trends 
as  (he  TTS  patterns,  with  two  differences;  (1) 


TLS  is  much  larger  than  TTS  at  the  exposure 
frequency  as  mentioned  earlier,  and  (2)  the 
higher  the  exposure  frequency,  the  larger  the 
extension  of  TLS  pattern  for  a  given  SPL  of  ex 
posure  (Bone  et  al,  to  be  published). 
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Figure  2 2-3  For  10  subjects,  mean  nxxuural  temporary  loudness  shift  (percentage  of  adaptation}  of  a  bOphon  lest 
tone  plotted  as  a  function  of  its  frequency.  Loudness  was  measured  by  a  method  of  direct  estimations  before  and  >1 
seconds  after  cessation  of  a  1400-IU  fpsOateiaJ  exposure  tone  (evducer)  that  lasted  24  seconds.  Exposure  let  els  arc 
gnen  in  the  inset,  (from  Curran  S.  Bone  MC  Frequency  select)  tin  in  kxidncss  adaptation  and  auditors'  fatigue.  I 
AcoustSoc  Am  1988;  83.178-187.) 


Role  of  Exposure  Level 

According  io  the  monograph  of  Davis  ct  ’ 
al  ( 1950),  the  maximum  TTS  anti  TLS,  as  well 
as  the  extended  range  of  fatigued  frequencies, 
arc  shifted  toward  the  high-frequency  side  as 
the  exposure  level  increases.  For  a  git  cn  ex¬ 
posure  frequency,  the  distance  between  the 
frequency  showing  the  maximum  TTS  and  the 
exposure  frequency  is  not  constant:  it  extends 
as  the  exposure  level  increases. 

This  fact  was  confirmed  for  ITS  by  Me¬ 
Fadden  and  Plattsmier  ( 1983)  and  for  TLS  by. 
Charron  and  Bottc  ( 1988)  In  the  latter  exper¬ 
iments,  TLS  was  expressed  as  the  percentage 
of  loifdo-ss  reduction  obtained  by  a  method 
of  d i reci  estimation  of  loudiess.  Frequency 
patterns  for  TLS  aftci  a  2*f -second  exposure  to 
a  1,000-Hz  tone  at  different  levels  ztfi  shown 
in  Figure  22-3. 

As  t  the  levcte  of<tne  exposure  increases 
from  75  to,95  dB,  the  TLS  of  a  60  phoo  test 
tone  remains  sizable  at  the  test  frequency*  of 
1,000  Hz,  but  the  maximum  moves  progres¬ 


sively  towards  higher  frequencies,  to  1,040, 
1,080,  1,160,  and  finally  1,415  Hz  with  ihc  ex¬ 
posure  at  95  dB,  as  shown  by  the  percentage 
of  loudness  reduction  averaged  over  10  sub¬ 
jects.  For  the  exposure  frequency,  at  which 
TTS  is  probably  very*  small,  the  40  percent 
loudness  reduction  is  remarkable;  these  data 
support  the  already-cited  results  of  Scbald 
(1987)  and  of^McEaddcn  and  Plattsmier 
( 1982b)  on  the  dissociation  of  TTS  and  TLS  at 
the  exposure  frequency*. 

Up  to  now,  no  satisfactory*  explanation  of 
the  incr<  ising  shift  of  TTS  as  a  function  of  ex¬ 
posure  level  h*s  been  given.  Consistent  with 
the  cochlear  models  of  Davis  ( 1983)  and  Kim 
(1986),  the  proposal  by  MeFadden  and 
Plattsmier  ( 1982b),  argued  for  by  MeFadden 
(1986),  is  that  the  shift  in  the  frequency 
showing  the  maxium  TTS  occurs  because  “the 
point  of  maximal  dirp'iccment.fof  the  basilai‘ 
membrane)  at  high  intensity  is  basal  to  the 
displacement  maximum  at  low*  intensity,  and 
thus  the  region  maximally  fatigued  is  one  asso¬ 
ciated  with  higher  £cqucnc*;s  at  threshold  in- 
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tensities."  When  progressively  higher  levels 
are  tested  at  the  exposure  frequency,  the  acti¬ 
vated  regions  have  greater  overlap  with  the  fa¬ 
tigued  area  because  of  the  intense  exposure. 
Therefore,  according  to  this  theory,  the  TLS  at 
the  exposure  frequency  should  increase  regu¬ 
larly,  at  least  as  long  as  the  recruitment  mech¬ 
anism  is  too  limited  to  rcvcrs<;Athat  trend. 
Moreover,  MrFadden's  hypothesis  predicts 
that  for  a  given  test  level,  the  amount  of  TLS 
should  van*  nonmonotical.’v  over  the  range  of 
fatigued  frequencies,  with  a  single  maximum 
located  farther  from  the  exposure  frequency 
as  the  exposure  level  is  set  higher.  On  the 
contrary,  the  results  of  an  experiment  by 
Bette  ct  a]  (to  be  published)  show  more  com¬ 
plicated  TLS  patterns  (Fig  22*4).  The  experi¬ 
mental  conditions  for  this  study  were  basically 
the  same  as  the  experimental  conditions  for 
the  data  of  Figure  22-3,  but  the  total  exposure 
duration  was  now  60  seconds.  TLSs  wcrc  only 
measured  for  test  frequencies  higher  than  the 
exposure  frequency,  and  were  converted  into 
equivalent  level  reduction  in  decibels,  owing 
to  the  individual  loudness  functions  of  the  14 
subjects. 

Instead  of  a  curve  with  a  single  maximum, 
the  TLS  .-pa items  resulting  from  85*,  90-,  and 
5>>-dB  exposure  levels  clearly  show  two  sepa¬ 
rate  peaks;  the  frequency  of  the  first  maximum 
almost  exactly  coincides '.with  the  exposure 
frequency,  and  its  amplitude  slowly  increases 
by  5  dB,as  the  exposure  level  increases  from 
75  to  95  dB,  whereas  the  second  ocak,  which 
is  located  at  a  ^higher  frequency,  varies  from 
10  to  20  dB  for  increasing,  exposure  levels 
from  85  to  95  dB.  A  similar  double-peaked 
curve  is  seen  in  Figure  22-3  for  the  95-dB,  24- 
sccond  exposure  tone. 


Conclusion 

TTSs  and  TLSs  from  high-level  exposures 
may  stem  from  two  different  mecluobms. 
each  with  its  ovvn  frequency  selectivity  and 
rules  of  growth  as  a  function  of  the  level,  du¬ 
ration  of  exposure,  or  both.  The  tvpc-I  mecha¬ 
nism  produces  predominant  TTSs  and  TLSs  at 
frequencies  higher  than  the  exposure  fre¬ 
quency ;  for  these  frequencies  losses  culminate 
at  threshold  and  decrease  as  test  level  is  in¬ 
creased.  The  type-11  mechanism  mainly  cause* 
TLSs  to  the  exposure  frequency,  eventually 
without  any  corresponding  ITS  at  the  same 
frequency. 

The  temporal  persistence  of  type-1  effects 
is  much  better  known  than  that  of  typc-II  ef¬ 
fects,  which  still  have  to  be  measured  in  an 
extended  range  of  exposure  levels.  Even  if 
type-11  effects  have  always  been  measured 
shortly  after  the  end  of  exposure,  the  two 
types  of  fatigue  mav  be  concomitant  for  peri¬ 
ods  of  several  seconds  or  minutes  after  the 
end  of  exposure 

TTS  and  TLS  Patterns 
from  Low-Level 
Exposures 

Mos!  of  the  environmental  sounds  to 
"Well  we  arc  exposed  do  not  exceed  80  dll, 
Tims,  their  practical  influence  on  auditor}'  sen- 
sitivity  is  at  least  as  important  as  that  of  in¬ 
tense  sounds.  However,  it  has  long  been 
thought  that  auditory  fatigue  due  to  n  -derate 
and  low-level  sounds  is  almost  legible, 
small  TTSs  were  observed  (Caussi  and  Clta- 
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EXPOSURE  DURATION  (MIN.) 


Figure  22-5  For  7  subjects,  mean  monaural  temporary 
threshoM  shift  (TTS)  and  temporary  loudness  sfc& 
(TLS)at  four  test  Ierefa.  in  dcdbds.  of  a  1 .000-112  tone 
as  a  ftmetjon  of  the  duration  of  an  ipsilajcral  exposure 
to  a  1 .000117,  75-dB  tone.  Measurement  were  made 
before  and  mithin  60  to  ^  sccoods  fcUoning  ccssatxm 
of  exposure  by  a  method  of  Ba^sy  tracking  for  thresh¬ 
old,  or  direct  loudness  estimation. 


vassc,  1947),  which  were  almost  independent 
of  the  exposure  loci  (Hirsh  and  Bi!j£crf 
1955).  They  reached  their  maximum  after  a 
1-minute  exposure,  and  their  recover)*  was 
achieved  within  2  minutes.  Exposures  below 
85  dB  lasting  about  I  minute  result  in  this 
type  of  short-tirm  auditory*  fatigue  (Ward, 
1973)-  Recent  experiments  have  provided 
new*  insight  into  this  type  of  low-level  fatigue. 
However,  because  of  the  lack  of  extensive 
data  on  .  {he  role  of  exposure  conditions  and 
tested  levels,  as  well  as  on  recovery*,  our  char* 
aetcrization  of  low-level  fatigue  is  Incomplete 
and  sometimes  incoherent.  Nevertheless,  the 
frequency*  pattern  of  this  fatigue  is  commonly 
assumed  to  be  symmetric,  with  a  maximum  lo¬ 
cated  at  the  exposure  frequency*. 

Effect  of  Exposure  Duration 

As  shown  in  Figure  22*5,  the  amount  of 
TTS  is  actually  independent  of  exposure  dura¬ 
tion.  Seven  subjects  were  exposed  to  a  mon¬ 


aural  IjOOO-tlz  tone  at  75  dB  SPL  for  1,  3.  5, 
I  O.or  20  minutes.  The  mean  TI5  (about  4  dB 
1  minute  after  cessation  of  exposure)  docs  not 
significantly  change  as  a  function  of  the  expo¬ 
sure  duration.  The  duration  of  TTS  recovery  b 
also  cc,jI  valent  for  the  five  exposure  periods 
(about  50  seconds). 

For  the  same  subjects,  the  mean  TLSs 
show  an  increase  as  a  funttion  of  the  exposure 

duration  for  test  levels  below  70  dB  SPL  how¬ 
ever,  to  measure  these  TLSs,  loudness  func¬ 
tions  were  established  before  and  after  the  ex¬ 
posure  by  a  method  of  direct  estimation  with 
numbers.  The  different  levels  were  succes¬ 
sively  presented  in  increasing  order,  a  proce¬ 
dure  that  could  have  reduced  the  TLSs  at  the 
higher  test  levels  because  of  longer  recovery* 
periods  compared  to  those  for  the  lower  lev¬ 
els.  which  were  tested  first. 

A  dear  .result  of  tK>  experiment  b  that 
TLS  b  greater  than  TTS,  especially  at  moderate 
test  levels. 

Role  of  Exposure  Frequency 

The  data  of  Caussc  and  Chavassc  ( 1947) 
indicate  that  for  an  exposure  to  a  30-dB  tone, 
there  b  no  TTS  for  exposure  frequences 
lower  than  8Q0  Hz;  the  maximal  TTS  is  ap¬ 
proximately  equivalent  for  the  higher  expo¬ 
sure  frequences  (3  to  4  dB).  Plotted  oi  a  log¬ 
arithmic  scale  of  frequency,  the  extent  of  the 
TTS  pattern  after  a  40-dB  exposure  tone  of 
1,000,  3, COO,  or -'8,000  Hz  becomes  larger  as 
the  exposure  frequency  decreases.  In  each 
ease,  thcTTSs  become  maximal  at  the  expo¬ 
sure  frequency  and  diminish  symmetrically  as- 
a  function  of  the  distance  of  the  test  frequency 
above  and  befovv  the  exposure  frequency. 

The  data  of  Charron  and  Bone  ( 1988) 
show*  a  similar  shape  of  the  TLS  pattern  for  a 
test  level  close  to  60  dB,  after  a  24-second  ex¬ 
posure  to  tones  of  500,  1,000,  or  3,000  Hz  at 
75..  dB  SPL  (Fig.  22-6).  However,  there  is  no 
change  of  the  extent  of  the  TLS  pattern  as  a 
function  of  the  exposure  frequency;  this  is  dif¬ 
ferent  from  the  variation  of  TTS  extent  in 
Causse  and  Chav-arse's  experiments.  Tims, 
there  arc  indications  that  TTS  patterns  differ 
from  TLS  patterns  not  only  for  high-level  but 
also  for  low-level  fatigue. 

In  a  recent  experiment,  we  measured  TTS 
and  TLS  at  three  different  test  levels  (20,  40, 
and  60  phons)  after  3-minute  exposures  to  a 
65-dB  tone  of  500, 1,000,  or  3,000  Hz.  The  re¬ 
sults  for  the  3,000-Hz  exposure  are  shown  in 
Figure  22*7.  For  the  TLS  measurements,  we 
used  a  method  of  alternate  binaural  loudness 
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FREQUENCY  OF  TEST  TONE  IN  RIGHT  EAR  (kHz) 

Figure  22-6  For  18  subjects,  mean  monaural  temporary  loudness  shift,  or  115  (percentage  of  adaptation)  for  a  pure 
tone  as  a  function  of  its  frequency.  Loudness  was  measured  b)  a  P^rthod  of  direct  estimation  before  and  26  or  34 
seconds  after  cessation  of  a  2  f  second.  75-dB  ipsilateral  exposure  tone  (inducer)  of  500.  »,000,  or  3.000  Hz.  For 
each  exposure  tone.-  all  test  tones  were  of  the  same  loudness  level  (equal  to  that  of  the  inducer  at  60  dB  SPL). 
(From  Charron  S.  Bottc  MC  Frequency  selectivity  in  loudness  adaptation  and  auditors*  fatigue.  J  Acoust  Soc  Am 
1988. 83  *78-187,) 


Figure  22-7  For  10  subjects, 
mean  monaural  temporary 
threshold  shift  (ITS)  and 
temporary  loudness  shift  (TLS)  at 
20, 40,  and  60  phons,  in  decibels, 
as  a  function  of  test  frequency. 
Measurements  were  made  before 
and  within  30  seconds  after  a 
3-minute  ipsilateral  exposure  to  a 
3.000-Hz.  65  d3  tone  by -a 
method  of  Bck&y  tracking  for 
threshold,  or  by  binaural  loudness 
comparison. 


DISTANCE  OF  TEST  FREQUENCY  (OCTAVES) 


comparison,  The  smallest  TTS  and  TLS  re¬ 
sulted  from  the  500-Hz  exposure,  but  these 
-re  not  negligible,  as  found  by  Caussc  and 
Chavasse  (1947);  this  could  be  due  to  the 
higher  level  of  exposure  in  our  present  exper¬ 


iment  The  extent  of  the  pattern  ofJTS  is  sim¬ 
ilar  for  the  three  exposure  frequencies  and 
only  slightly  narrower  than  the  TLS  pattern. 
Moreo\cr,  the  maximum  loss  of  sensitivity  is 
not  found  at  threshold  but  at  the  intermediate 
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lock  of  20  2nd  40  phons.  McPherson  and 
Anderson  ( 1970)  obtained  similar  results  after 
an  exposure  of  5  minutes  to  a  50-dB,  1,000- Hz 
tone,  but  the}'  believed  that  the  observed  TLS 
was  actually  “not  related  to  sensitivity  changes 
in  the  car"  but  rather  to  the  comparison 
method.  If  confirmed,  this  peculiarity  of  the 
loss  of  sensitivity  for  low  test  lock  would  be 
a  new  feature  of  the  difference  between  fa¬ 
tigues  from  high-level  and  low-Joel  expo¬ 
sures. 

Role  of  Exposure  Level 

Although  it  is  of  major  interest,  the  role  of 
the  exposure  loci  in  low-level  fatigue  is  prob¬ 
ably  the  least  studied,  especially  for  test 
sounds  above  threshold.  Even  if  the  exposure 
loci  has  practically  no  effect  on  temporary 
threshold  shift,  it  could  influence  TLS,  because 
increasing  the  exposure  duration  above  1 
minute  provides  greater  TIN  at  moderate  test 
levels,  as  seen  earlier. 

The  patterns  of  temporary  threshold  shift 
for  30-sccond  exposures  to  a  5,000  Hz  tone  at 
different  lock  from  10  to  65  dB  SPL  were 
shewn  by  Kim  In  the  discussion  of  his  article 
by  McEadden  and  Plattsmicr  (1982b;.  When 
the  exposure  lo  ci  increases  from  10 10.25  dB 
S5*U  the  pattern  of  lTS-icmains  centered  on 
the  exposure  frequency,  and  the  maximum 
TTS  grows  from  1.5  to  3  dB.  For  higher  expo¬ 
sure  Ievck  (45  and  65  dB  above  the  5,000  Hz 
threshold  of  the  subject),  which  could  be  ac¬ 
tual  high  Ievck  of  exposure,  the  TTS  pattern  is 
progressively  shifted  toward  the  high  fre¬ 
quency  side  with  a  trend  toward  showing  two 
peaks,  at  least  for  one  of  the  cars.  One  peak 
appears  at  the  exposure  frequency  and  the 
second,  larger  peak, appears  at  a  higher  fre¬ 
quency.  These  data  arc  comparable  to  (lie  TLS 
data  for  high-level  exposures  reported  earlier 
(see  Fig.  22-4) 

Summary 

The  effects  of  low-level  exposures  still 
have  to  be  investigated,  especially  at  moderate 
test  levels.  Nevertheless  the  sparse  data  re¬ 
viewed  indicate  that  (1)  low-level  fatigue 
mainly  affects  the  loudness  of  low-level 
sounds,  and  (2)  low-level  fatigue  slightly  af¬ 
fects  the  threshold.  Maximum  TLS  is  found  for 
test  tones  of  the  same  frequency’  as  the  expo¬ 
sure  tone.  Moreover,  the  TLS  increases  with 
exposure  duration  and  is  greater  for  the  high¬ 
est  exposure  frequencies. 


Conclusion 

On  the  basis  of  TTS  and  TLS  patterns,  we 
propose  the  following  summary; 

1.  High-level  ccposures  result  in  two  dif¬ 
ferent  types  of  fatigue:  (1)  typc-I  fa¬ 
tigue  provides  a  maximum  loss  at  fre¬ 
quencies  higher  than  the  exposure  fre¬ 
quency’ from  threshold  to  moderate  au¬ 
dition  Ievck.  with  maximum  effect  at 
threshold;  and  (2)  type-1 1  fatigue  has  a 
maximum  effect  at  low'  Ievck  of  test 
tones  at  the  exposure  frequency. 

2.  Low-level  exposures  produce  a  slight 
increase  in  threshold  and  a  noticeable 
loss  of- loudness  at  low  test  Ievck,  an 
effect  that  k  similar  to  the  type-11  ef¬ 
fect  of  high-level  exposures. 

Therefore,  we  suggest  that  there  arc  actu¬ 
ally  two  mechanisms  of  fatigue  that  arc  cumu¬ 
lative  when  exposure  is  sufficiently  long  or  in¬ 
tense  or  both.  A  type-H  mechanism  only  acts 
for  short-duration  exposures,  moderate-level 
exposures,  or  both;  above-a  critical. level,  an 
additional  typc-I  mccharikm  is  set  in  action. 
Further  investigations,  especially  on  the  role 
of  exposure  level  on  concomitant  TTS  and 
TLS,  arc  in  progress  to  verify’  this  hypothesk. 

The  following  suggestions  can  be  made 
about  the  cochlear  processes  involved  in  the 
two  types  of  sensitivity  loss.  Because  the 
type-11  mechanism  leaves  threshold  almost  un¬ 
affected,  it  is  logical  to  suppose  that  the  co¬ 
chlear  amplifier  mechanisms  linked  to  the  ac¬ 
tivity  of  the  outer  hair  eelk  ace  also  preserved 
in  this  type  of  fatigue.  A  modulation  of  the  af- 
ferents  from  inner  hair  cells  could  explain 
typc-I  I  fatigue.  Regarding  the  typc-I  effects, 
the  loss  of  sensitivity  from  threshold  to  mod¬ 
erate  Ievck  may  be  more  directly  assigned  to 
a  change  in  the  activity  of  the  outer  hair  cells. 

The  question  of  the  protective  role  of  the 
typc-I  mechanism  is  now  clearly  posed  by  sev¬ 
eral  physiologic  studies  (Guinan  and  Gifford, 
1 988;*' LePage,  1989;  Pucl  ct  al,  1988;  Rajan 
and  Johnstone,  1988;  also  see  Chapter  38  of 
this  book).  Does  TTS  simply  indicate  the  exist¬ 
ence  of  a  protective  mechanism  via  the  effer¬ 
ent  system,  as  suggested  by  LePage  (1989)?  If 
•  this  is  the  case,  an  inverse  correlation  should 
exist  between  temporary  and  permanent 
threshold  shifts  in  a  population  of  subjects,  be¬ 
cause  those  having  great  erTTS  should  benefit 
from  better  protection  against  hearing  impair¬ 
ment;  yet,  as  far  as  we  know,  this  has  never 
been  noticed  in  animal  or  epidemiologic  hu¬ 
man  studies.  Moreover,  above  a  certain 
amount  of  exposure-induced  threshold  shift, 
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only  a  partial  or  considerably  delayed  recov¬ 
ery  occurs;  for  that  reason,  psychophysicists 
avoid  exceeding  a  maximum  ITS  of  20  dB _ 


except  for  those  who  do  so  with  their  own 
cats.  Because  actual  auditory  impairment  de¬ 
velops  despite  this  protection,  TTS  should  not 
be  considered  sole!}-  as  evidence  of  a  protec¬ 
tive  reflex  hkc  the  stapedius  reflex;  rather,  TTS 
and  TIS  probably  involve  protective  loss  of 
sensibility  as  well  as  true  impairment  of  the 
hair  cells  when  the  protective  mechanisms  arc 
overloaded. 


Caracterisation 
Psychoacoustique  de  deux 
Types  de  Fatigue  Auditive 

L»  fatigue  auditive  qtii  £tit  suite  a  une  ex¬ 
position  sonorc  csr  une  diminution  tempo- 
taife  de  la  sensibilite  de  I’orcille.  Son  origine 
si'urc  esscntiellcnjcnt  au  niveau  cochlc- 
aire.  Actuellcmem,  la  comprehension  des  pro¬ 
cessus  mecaruques  ct  nerveux  dans  la  cochlcc 
progressc  rapidement.  Toutefois  plusieurs 
problcmes  rcstrnt  cn  discussion,  cn  particu* 
lier  ceux  qui  concernv-ni  Ics  relations  entre  la 
fatigue  auditive  et  cc  que  Ton  appeUe 
Tamplificatcur  cochleaire".  Cct  article  fait  une 
revue  des  caractcristiqucs  psychoacoustiqucs 
specifiques  de  la  fatigue  auditive  dans  le  do- 
maine  de  U  perception  de  I'lntcnsitc  ct  degage 
leurs  implications  cn  relation  avee  la  thcoric 
des  mccanismcs  cochlcaires, 

Depuis  longtemps,  deux  types  de  fatigue 
auditive  ont  etc  deceits.  I!s  sont  respective- 
ment  -appclcs  fatigue  "i  long  terme"  ou  'a 
niveau  intense"  et  fatigue  "i  court  terme"  ou 
a  niveau  faiblc"  scion  la  dur£c  de  rccupcra- 
tion  et  le  niveau  d'ex position.  Pour  le  type  I 
(exposition  i  niveau  intense),  on  sail  que  la 
gamme  dcs  frequences  fatiguees  presente  un 
ccart  d'unc  dcmi-octave  entre  le  TTS  maxi¬ 
mum  et  la  frequence  deposition.  Mals,  cn 
fail,  I'cxtcnsion  de  la  gamme  dcs  frequences 
/align ccs,  de  mcmc  que  le  dcplaccmcnt  du 
TTS  maximum,  •iugmentent  4  mesure  que  la 
frequence  deposition  diminue.  Pour  la  ma¬ 
jority  dcs  frequences  fatiguees,  le  ITS  est  in- 
fcricur  au  ITS  et  decroit  regultcremcnt  avee 
le  niveau  du  son  test.  En  fonction  du  niveau 
deposition,  non  sculcnv.’nt  le  TTS  et  le  TLS 
augmement  mats,  de  plus,  I'cnsemblc  de  la 
gamme  des  frequences  fatiguees  sc  dcplace 
vers  les  frequences  plus  clcvecs.  En  depit  du 
manque  relattf  de  donnees  cxp6rimcntiles,  la 
fatigue  auditive  de  type  II  (exposition  J  niveau 
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faiblc)  sc  produit  probabiement  plus  couram- 
ment  dans  Ics  conditions  namrelles  d'ecoute. 
Elle  rcsulte  de  l'expositioh  a  dcs  niveaux  in- 
ferieurs  a  environ  75  dB  SPL  Le  pattern  de  fre- 
qu  cnees  du  TTS,  comme  celui  du  TLS,  est  dis¬ 
tribute  symetriquement  de  pm  et  d’autre  de 
la  frequence  deposition  pour  laqueOe  il  it- 
tcint  son  maximum.  Au  contraire  du  type  I, 
dans  le  type  II,  la  perte  de  scnsibih’tc  n’est  pas 
maximale  au  seuil  ct  ne  decroit  pas  regulicrc- 
ment  avee  I’augmentation  du  niveau  du  son 
test:  le  TLS  depassc  un  TTS  tres  faiblc.  Le  TLS 
maximum  apparait  aux  niveaux  modcrcs  ct  di¬ 
minue  pour  les  niveaux  plus  intenses.  Les 
montants  de  TTS  et  de  TLS  dependent  peu  du 
niveau  et  de  la  durcc  d’exposition. 

A  partir  de  i'cnsemblc  dcs  caractcristiqucs 
des  types  I  ct  II,  nous  suggerons  que  la  fatigue 
resultant  d  expositions  a  niveau  intense  com- 
prend  en  fait  une  composantc  de  type  II  ainsi 
qu’unc  composante  supplcmentairc  ct  domi- 
nante  de  type  I.  Puisque  les  deux  types  de  fa¬ 
tigue  sont  tres  variables  d’un  indivtdu  a  I’autrc 
et  peu  corrclcs  entre  eux,  leurs  bases  pliysi- 
ologiqucs  sont  probabiement  ddTerentes.  Les 
caractcristiqucs  de  la  perception  de  l’mtensitc 
suggerent  aussi  que  le  type  II  est  la  manifesta¬ 
tion  d'une  diminution  de  I'cfficacite  de 
I'ampblicatcur  cochlcairc  sur  loute  sa  gamme 
djnamiquc  tandis  que  le  type  I  rcsulterait 
d  une  augmentation  du  seuil  du  mcmc  mccan- 
isme  a  un  endroit  different  sur  la.  membrane 
basiliairc. 
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Most  reports  on  the  etiology  of  tinnitus 
suggest  that  noise-induced  hearing  loss 
(NIK*,)  is  probably  the  most  common  cause  of 
tinnitus.  Tinnitus  caused  by  noise  exposure 
can  be  elicited  by  an  acute  acoustic  trauma  or 
by  continuous  noise  exposure  in  the  work  en¬ 
vironment  or  during  leisure  time  activities. 
Noise-induced  permanent  tinnitus  (NIPT)  fre¬ 
quently  is  combined  with  presbycusis,  particu¬ 
larly  in  the  elderly  population-  Because  of  the 
fairly  high  incidence  of  NIPT,  the  possibilities 
for  effective  epidemiologic  studies  are  good. 
However,  a  literature  survey  shows  surpris¬ 
ingly  few  such -epidemiologic  investigations. 
This  ..chapter -will  review  the  current  under¬ 
standing  of  the  etiology,  incidence;  treatment, 
and  properties  of  tinnitus.  Three  general 
classes  of  published  work  will  ‘  not  be  re¬ 
viewed  here.  These  arc  (I)  the  work  of  au¬ 
thors  who  have  only  reviewed  the  work  of 
others  without  presenting  original  material, 
such  as  Miller /and  Jakimetz  (198-1),  Ganz 
(1986),  and  Clark  and  Smith  (1981);  (2)  stud¬ 
ies  of  tinnitus  experimentally  induced  by 
noise,  such  as  those  of  Athcrly  ct  al  (1968) 
and  Hcmpstock  and  Athcrly  (1971);  and  (3) 
studies  dealing  primarily  with  legal  and  com¬ 
pensator/  issues,  which  arc  excluded  because 
such  policies  vary  considerably  between 
countries — for  examples,  see  Coles  (1982), 
Alberti  (1987),  Dicroff  and  Meissner  (1987), 
and  Coles  et  al  (1988). 

Onset 

The  onset  of  NIPT  is  characteristically 
slow  without  any  specific  precipitation  (Al¬ 
berti,  1987)<  Occasionally,  there  is  a  more 
sudden  onset,  particularly  with  acute  acoustic 


trauma  caused  by  exposure  to  such  high  level 
impulse  noises  as  those  from  a  firecracker,  a 
toy  cap  gun,  a  sledge  hammer  flitting  metal,  or 
a  gun  being  fired  (Alberti,  1987).  There  is  lit¬ 
tle  information  on  the  characteristics  of- the 
onset  of  tinnitus  with  NIPT.  Tins  is  probably 
due  to  the  fact  that  many  patients  do  not  re¬ 
member  the  circumstances  in  connection 
with  the  onset,  or  report  that  tinnitus  “just  ap 
pea  red  one  day.** 

In  this  context,  it  is  interesting  to  note 
the  duration  of  noise  exposure  before  tinnitus 
appears.  McShanc  et  al  (1988)  found  that  the 
incidence  of  tinnitus  was  3*1  percent  in  a  pop¬ 
ulation  exposed’ to  noise  for  up  to  10  years. 
For  those  who  had  worked  1 1  to  30  years  in 
noise,  the  incidence  of  tinnitus  was  5*1  per¬ 
cent;  for  those  who  had  worked  31  to  50 
years  in  noise,  the  incidence  was  50  percent 
Thus,  with  the  exception  of  those  who  had 
worked  up  to  10  years  in  noise,  the  percent¬ 
age  of  the  population  with  tinnitus  remained 
reasonably  constant. 

A  common  observation  is  that  workers 
show  N1HL  long  before  NIPT  appears.  Tins  is 
particularly  true  of  workers  in  continuous 
noise.  In  our  own  study  of  76  industrial  work 
ers  who  had  been  referred  to  the  Department 
of  Occupational  Audiology  for  assessment  of 
their  hearing  loss,  the  average  delay  between 
the  time  of  first  being  employed  in  a  noisy  cn 
vironment  and  the  appearance  of  tinnitus  was 
23  years  (Table  23*1 ).  We  were  able  to  divide 
the  76  workers  into  six  different  occupational 
groups.  As  can  be  seen  from  Table  23-1,  the 
interval  between  an  individual's  first  employ¬ 
ment  in  noise  and  the  onset  of  tinnitus  varied 
considerably.  The  longest  interval  was  for 
workshop  mechanics  (approximately  35 
years),  and  the  shortest  interval  was  for  mih 
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TABLE  23-1  Interval  Between  Start  of  Noisy  job  and  NIPT,  and  Laterality  of.NIPT 
for  Different  Professions  '  " 


PROFESSION 

N 

INTERVAL  TO 
NIPT,  YEARS 

LATERALITY  OF  NIPT, 

EAR 

Left 

Right 

Both 

Rock  and  stone  drillers 

8 

15 

2 

1 

5 

Seamen  and  ftshermen 

10 

27 

3 

0 

7 

Platers 

15 

26 

2 

3 

10 

Workshop  mechanics 

18 

35 

7 

1 

10 

Factory  and  textile  workers 

l<- 

28 

6 

3 

5 

Mifcary  personnel 

it. 

II 

3 

1 

7 

Total 

76 

23 

23  (30%) 

9(12%) 

44(58%) 

tar>'  workers  (approximately  1 1  years).  In  the 
latter  group  there  were  several  subjects 
whose  tinnitus  developed  immediately  as  a 
consequence  of  acute  acoustic  trauma.  Be* 
Cause  tinnitus  often  has  a  fairly  slow  onset  and 
individuals  have  difficult)^  remembering  the 
onset  of  tinnitus,  information  concerning  the 
duration  of  tinnitus  must  be  considered  with 
great  caution. 

Type  of  Noise 

There  appears  to  be  a  general  agreement 
that  NIPT  is  more  common  following  expo* 
sure  to  impulsive  noise  than  following  expo* 
sure  to  continuous  noise  (Man  and  Naggan, 
1981).  Even  in  individuals  with  similar  hear¬ 
ing  thresholds,  tinnitus  occurred  in  63  to  70 
percent  of  a  population  exposed  to  impulsive 
noise,  compared  to  47  .to  57  percent  of  an¬ 
other  population  exposed  to  continuous  noise 
(Alberti,  1987),  Only  one  report  has  com¬ 
pared  the  incidence  of  NIPT  in  different  pro¬ 
fessions.  NIPT- was  reported  in  54  to  58  per¬ 
cent  of  a  population  of  noise-exposed  miners, 
steel  makers,  and  general- manufaciurenvand 
less  often  in  workers  in  the- construction  in¬ 
dustry  (50  percent),  automobile  manufactur¬ 
ing  (**‘6  percent),  or  paper  manufacturing  (40 
percent)  (McShane  ct  ah  1988)  Even  noisy 
leisure-time  activities  such  as  hunting  and  tar¬ 
get  practice  could  obviously  influent,  c  hearing 
and  contribute  to  the  onset  of  tinnitus.  5orpc 
what  surprisingly,  shooting  was  no’,  found  to 
be  a  determinant  per  sc  (Coles  ef'al,  1988) 
Coles  cl  al  conclude- that  gunfi/c  noise  appears 
to  be  •’less  damaging  than  wc  formerly 
thought "  In  j  follow-up  examination  of  acous 
tic  trauma  tn  connection  with/military  weap¬ 
ons,  where  all  the  caw*  involved  military  per* 
sound,  tinnitus  was  clearly  related  to  the  de¬ 


gree  of  hearing- loss  (Hambergcr  and  Lidcn, 
1951). 

Incidence 

The  most  common  subject  of  studies  of 
tinnitus  is  the  incidence  of  NIPT  in  connec¬ 
tion  with  noise  exposure.  As  can  be  seen  in 
Tabic  23*2,  there  is  a  surprisingly  large  vari¬ 
ability  of  5  to  80  percent  in  the  reported  inci¬ 
dence  of  tinnitus.  One  explanation  for  the 
large  difference  is  the  heterogeneous  compo¬ 
sition  of  the  populations  that  have  been  re¬ 
viewed.  Further,  the  method  used  to  deter¬ 
mine  the  incidence  of  tinnitus  may  be  drasti¬ 
cally  influenced  by  the  manner  of  questioning 
•the  patient,  ranging  from  only  reporting  cases 
in  which  the  patient  spontaneously  com¬ 
plained  of  tinnitus  to  detailed  questionnaires 
concerning  the  symptoms  of  tinnitus.  Con¬ 
versely,  if  we  examine  populations  consisting 
of  patients  with  tinnitus, -15.5  to  80  percent 
will  show  a  history  of  previous  damaging 
noise  exposure  (Table  23-3). 

Age 

Hie  question  of  a  relationship  between 
NIPT  and  age  has  been. addressed  by  some  au¬ 
thors,  Because  hearing  abilities  decrease  with 
age,  the  difference  in  the  incidence  of  tinnitus 
in  a  noise-exposed  population  versus  a  corre¬ 
sponding  non- noise- exposed  control  popula¬ 
tion  as  a  function  of  age  is  of- interest.  Coles 
( 1982)  found  that  in  his  noise-exposed  popu¬ 
lation  younger  than  age  60  years,  tinnitus  inci¬ 
dence  was  fairly  constant,  at  2!  to  22  percent 
Of  persons  older  than  age- 60  years,  33  per¬ 
cent  reported  tinnitus.  In  a  corresponding 
control  population,  Coles  found  tinnitus  in  1 1 


TABLE  23.2  Prevalence  of  Tinnitus  in  Patients  with  NIHL 


AGE, 


TABLE  23.3  Prevalence  of  PreviousOccupational  Noise  Exposure  In  Tinnitus  (T-)  Patients 


AUTHORS)  N  GENDER  POPULATION  %  NIPT 


Reed  (I960)  200  T-patfe.rU  In  ENT  dm*  I5i 

Axekson  and  Barrenis  dll  M+F  T*dW«  patients  33 

(1991) 

Mcikle  v/j  Tajrfer  (1984)  1806  M  T-cfiwc  patfenu  80 


N 

GENDER 

POPULATION 

%  NIPT 

200 

T-pattc.rU  In  ENT  clinic 

I5i 

411 

M+F 

T-dWe  paticnu 

33 

1806 

M 

T-clirwc  paticnu 

80 

F 

31 

percent  of  persons  younger  than  40  years 
of  age;  in  13  percent  of  persons  between  40 
and  00  years  of  age;  and  in  IS  percent  of  per¬ 
sons  older  than  60  years  of  age.  Coles  con¬ 
cluded  that  wichin  each  age  group,  a  history  of 
noise  exposure  almost  doubles  the  risk  of  tin¬ 
nitus. 

Othcr<authors  have  also  found  an  increas¬ 
ing  Incidence  of  tinnitus  with  age  (Chung  ct 
al,  1984;  Weiss  and  Weiss,  1984)  but  a  further 
analysis  showed  that  the  only  determinant  was 
the  individual's  hearing  threshold,  not  his  age, 
A  similar  conclusion  was  reached  by  Coles  et 
al  (1988),  McShane  et  al  (1988)  found  a  sur¬ 
prisingly  small  variation  (46  to  55  percent)  in 
the  occurrence  of  tinnitus  as  a  function  of  age 
in  their  noise-exposed  population. 

In  summary,  previous  investigations  have 
shown  that  the  incidence  of  tinnitus  clearly  is 
related  to  hearing  threshold  rather  than  to  the 


age  of  the  patient.  With  increasing  presbycusis 
and  deteriorating  hearing  thresholds,  the  inci¬ 
dence  of  tinnitus  can  also  be  expected  to  in¬ 
crease  in  noise-exposed  as  well  as  non -noise- 
exposed  populations. 

Gender 

There  arc  comparatively  few  women 
working  in  industrial  areas  where  noise  expo¬ 
sure  is  a  problem.  Consequently,  there  are 
only  a  few  reports  available  concerning  the 
comparison  of  NIPT  in  noise-exposed  males 
and  females.  The  investigations  of  Chung  ct  al 
(1984),  Coles  ct  al  (1988),  and  McShane  et  al 
(1988)  did  not  show'  any  difference  in  the  in¬ 
cidence  of  tinnitus  as  a  function  of  gender 
when  comparisons  were  made  on  the  basis  of 
equivalent  hearing  thresholds 
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Parameters  of  Tinnitus 

Laterality 

"Previous  reports  have  typically  shown 
that  there  arc  no  significant  differences  be¬ 
tween  the  two  ears  in  the  occurence  of  tinnh 
tus  (Arlinger,  1983;  Alberti,  1987).  Most  com¬ 
monly,  tinnitus  affected  both  cars  with  the 
same  intensity  (Chung  ct  a!,  1984;  Axclsson 
and  Sandh,  1985)  Only  one  report  (McShanc 
ct  al,  1988)  noted  a  difference  in  the  intensity 
of  tinnitus  between  the  ears.  Bilateral  tinnitus 
was  found  in  79  6  percent  of  subjects  and  uni¬ 
lateral  tinnitus  was  found  in  20.4  percent  of 
subjects.  Of  the  unilaterally  affected  patients, 
56  percent  had  tinnitus  in  the  left  and  44  per¬ 
cent  in  the  right  ear.  This  difference  between 
the  right  and  left  cars  was  statistically  signifi¬ 
cant.  In  our  own  subject  pool  of  cases' with 
NIHL  and  NIPT,  tinnitus  was  found  in- both 
cars  in  58  percent,  in  the  left  ear  only  in  30 
percent,  and  in  the  right  car  only  in  12  per¬ 
cent.  If  the  different  professions  represented 
in  our  subjects  arc  divided  into  two  groups, 
one  group  exposed  to  more  impulsive  types  of 
noise  (rock  and  stone  drillers,  platers,  and  mil¬ 
itary  personnel),  and  the  other  group  exposed 
to  more  continuous  types  of  noise  (seamen 
and  fishermen,  workshop  mechanics,  factory’ 
and  textile  workers),  we  see  a  marked  differ¬ 
ence  In  that  the  latter  group  had  significantly 
more  cares  oflcftsided  tinnitus  than  the  other 
group  (Table  23-1). 


Quality 

No  correlation  was  found  between  the 
subjective  description  of  the  tinnitus  sound 
and  any  diagnosis  explaining,  the  tinnitus  Al¬ 


berti  ( 1987),  describing  cases  of  NIHL,  found 
tinnitus -to  be  a  ringing  sensation-in  34  per¬ 
cent,  a  buzzing  in  26 f  percent,  a  whistling 
sound  in  12  percent,  and  a  pulsative  sound  in 
9  percent.  Most  commonly,  the  tinnitus  was 
tonal  and  of  high  pitch  (Alberti,  1987).  Jakobs 
arid  Martin  (1978)  reported  that  the  tinnitus 
sound  was  usually  a  whistling  sound,  and  sel¬ 
dom  a  noise  or  a  ringing  sound  Axelsson  and 
Sandh  (1985)  reported  purc-tone  tinnitus  in 
42  percent  of  patients  with  NIPT,  narrow- 
band  tinnitus  in  35.  percent,  and  broad-band 
tinnitus  in  7  percent.  In  another  investigation 
(Chuden,  1981),  60  percent  of  patients  had 
NIPT  of  a  tonal  quality,  and  40  percent  had 
NIPT  of  a  noisy  quality'. 

Pitch 

When  patients  with  tinnitus  arc  asked  to 
compare  their  tinnitus  sound  with  an  exter¬ 
nally  presented  tone,  there  generally  appears 
to  be  a  fairly  good  correlation  between  the 
area  of  hearing  loss  and  the  tinnitus  pitch.  A 
good  correlation  between  the  worst  audio- 
metric  frequency  and  the  matched  tinnitus 
frequency  has  been  demonstrated  (Axelsson 
and  Sandh,  1985),  but  not  consistently  (Man 
and  Naggan.  1981).  Axelsson  and*  Sandh 
(1985)  found>4  kHz  to  be  the  most  common 
pitch  for  purc-tone  tinnitus,  followed  by  ap¬ 
proximately  equal  occurrences  for  1.5,  2,  3, 6, 
and  8  kHz,  If  purc-tone  and  narrow-band  tinni¬ 
tus  were  pooled  together,  tinnitus  most  com¬ 
monly  sounded  like  4  kHz,  followed  by  6  and 
3  kHz,  and  less  commonly  like  1.5,  2,  and  8 
kHz,  Other  authors  also  found  that  NIHL  is  of¬ 
ten  accompanied  by  NIPT  at  high  frequencies 
(Man  and  Naggan,  1981;  Cahani  ct  al,  1983). 
Tinnitus  has  been  found  to  have  a  high-fre¬ 
quency  pitch  in  51  percent  of  patients  with 


TABLE  23.4  Tinnitus  Laterality  in  Patients  with  Asymmetric  NIHL 
— 
)  LATERALITY  OF  NIHL 


AUTHOR(S) 

WORST  EAR 

N 

Both  Ears 

Right  Ear 

Uft  Ear 

Cahanl  ct  il  (1984) 

22 

3(14%) 

1-1(75%) 

3  (14%) 

Chun*  et  al  (1984) 

Uft 

At  3, 4. 6  kHz. 

27 

7  (96%) 

9  (33%) 

11(41%) 

Right 

183 

103(56%) 

80  (44%) 

Left 

At  05, 1,2  kHz: 

311 

ISO  (-*8%) 

161  (52%) 

Right 

205 

139(68%) 

66  (32%) 

McShane  ct  al  (1983) 

Uft 

At  OS,  1,2, 14,  kHz: 

231 

92  00%) 

39  (60%) 

Right 

MS 

97(67%) 

48  (33%) 

Left 

193 

50(26%) 

143  (74%) 

TINNITUS  IN  NOISE-INDUCED  HEARING  LOSS 
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NIPT,  and  a  low  pilch  in  49  percent  of-pa- 
tiems  with  NIPT  (Ehriiann,  1965) 

Loudness 

Tinnitus  loudness  typically  appears  to  be 
close  to  the  hearing  threshold  at  the  poorest 
audiometric  frequency  (Man  and  Naggan, 
1981;  Axelsson  and  Sandh,  1985),  The  most 
common  tinnitul  sensation  level,  i  e.,  the  dif¬ 
ference  between  die  tinnitus  audiometric 
level  and  the  hearing  threshold,  appears  to  be 
5  dll  (Man  and,  Naggan,  1981;  Axelsson  and 
Sandh.  1985),  Man  aqd  Naggan  (1981)  found 
a  good  correlation  between  the  maximum 
hearing  loss  and  tinnitus  intensity  in  dU  HL  up 
to  a  maximum  hearing  loss  of  8i  dll  HL  For 
cases  with  hearing  loss  greater  than  8?  dl)  HL 
at  the  worst  test  frequency,  tinnitus  intensity 
was  most  commonly  at  65  to  84  dl!  HL 

Severity. 

Some  authors  found  no  correlation  be¬ 
tween  the  severity  of  NIPT  and  the  amount  of 
hearing  loss  (Weiss  and  Weiss,  1984;  MeShane 
ct  al,  1988).  In  1,727  tinnitus  patients  with 
NTHL  MeShane  el  al  (1988)  demonstrated 
that  tinnitus  “did-not  bother"  9  3  percent  of 
patients,  that  tinnitus  was  a  minor  problem  for 
61.5  percent  of  patients,  and  that  tinnitus  was 
a  major  problem  for  29.2  percent  of  patients. 
There  was  no  correlation  between  the  sever¬ 
ity  of  tinnitus  and  the  hearing  level  at  the  tin¬ 
nitus  frequency  cither  in  absolute  terms  or  in 
sensation  level  (Axelsson  and  Sandh,  1985). 
Alberti  (1987)  did  not  find  any  difference  be¬ 
tween  cars  in  terms  of  severity.  In  patients 
with  bilateral  tinnitus,  the  severity  was  equal 
in  both  cars  in  49  percent,  worse  In  the  right 
car  in  23  percent,  and  worse  in  the  left  ear  in 
22  percent  (Alberti,  1987).  Comparing  prob¬ 
lems  caused  by  hearing  loss  and  tinnitus,  re¬ 
spectively,  it  was  found  that  the  hearing  loss 
dominated  in  90  percent,  Tinnitus  was  consid¬ 
ered  a  minor  problem  in  39  percent  and  a  ma¬ 
jor  one  in  19  percent  (Alberti,  1987). 

Tinnitus  in  Relation 
to  Hearing 

Generally  speaking,  the  incidence  of  tinnl- 
tus  appears  to  increase  with  increasing  hear¬ 
ing  loss  (Chung  et  al,  1984;  Weiss  and  Weiss, 
1981;  Alberti,  1987;  Coles  ct  al,  1988).  It  has 
been  suggested  that  the  degree  of  hearing  loss, 
ie,  the  hearing  threshold,  is  the  most  impor¬ 
tant  determinant  for  tinnitus  incidence 


(Chung  et  al,  1984;  Coles  et  al,.  1988).  How- 
ever,  MeShane  et  al  (1988)  found  no  such 
clear  correlation  with  hearing  loss  at  4  kHz, 
Only  minor  variations  in  the  incidence  of  tin¬ 
nitus  were  reported  when  the  threshold  was 
between  10  and  100  dll  HL  The  incidence  of 
tinnitus  varied  between  47  and  57  percent. 

Tinnitus  with  Asymmetric 
Hearing  Loss 

In  cases  with  asymmetric  hearing  and  tin¬ 
nitus,  one  would  expect  that  tinnitus  would 
be  more  common  in  the  ear  with  the  worst 
hearing.  This  is  indeed  generally  the  case  (Ta¬ 
ble  23-4)  (Calianl  cl  al,  1984;  Chung  et  al, 
1984;  MeShane  cl  al,  1988),  Chung  ct  al 
(1984)  considered  this  finding  to  be  particu¬ 
larly  common  when  low  frequencies  were  af¬ 
fected  by  the  bearing  loss,  Surprisingly,  how¬ 
ever,  in  many  cases  tinnitus  was  also  heard  in 
die  better  car  with  asymmetric  beating  loss, 
and  there  was  generally  a  less  marked  pre¬ 
dominance  for  tinnitus  in  Ulc  worse  car  Ilian 
would  be  expected. 

Effects  on  Sleep 

Difficulties  in  both  falling  asleep  and  being 
awakened  by  tinnitus  are  common  sequelae  of 
tinnitus,  In  cases  with  NlllL  the  proportion  of 
the  population  who  said  they  had  sleeping 
problems  varied  between  47  and  50  percent 
(Axelsson  and  Sandh,  1985;  Alberti,  1987).  h 
has  also  been  demonstrated  that  there  was  a 
correlation  between  depression  and  being 
awakened  by  tinnitus  (Alberti,  1987). 

Other  Factors 

Among  other  factors  that  have  been  con¬ 
sidered  to  influence  tile  incidence  of  tinnitus 
are  smoking  and  shooting  guns  (Chung  et  al, 
1984).  However,  when  hearing  levels  in  smok¬ 
ers  and  shooters  were  correlated  with  tinnitus 
incidence,  the  determinant  was  hearing 
threshold  rather  that*.  smoking  or  shooting 
per  se. 

Treatment 

Many  different  treatments  have  been  at¬ 
tempted  for  tinnitus  in  general,  but  only  a  few 
treatments  are  specifically  for  NIPT,  For  tinni¬ 
tus  caused  by  acute  acoustic  trauma,  it  was 
suggested  that  a  combination  of  pcntoxyphyl- 
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Iin  and  xantinol  nicotinate  resulted  in  more 
improvement  than  untreated  controls.  Retail  is- 
tin  produced  significantly  better-therapeutic 
results  compared  to  a  control  group  and  a 
group  treated  with  pentoxyphyllin  and  xanti¬ 
nol  nicotinate  0akobs  and  Martin,  lg78)- 
However,  because  NH1L  and  consequently 
NIPT  can  be  prevented  by  avoiding  noise  ex¬ 
posure,  it  seems  logical  that  information  on 
NIPT  should  be  included  in  occupational  pre¬ 
vention  programs.  Tins  is  particularly  impor¬ 
tant  because  many  workers  acknowledge  that 
their  tinnitus  increases  severely  after  a  day’s 
work  in  noise  without  ear  protection.  On  the 
other  hand,  by  eliminating  the  sounds  that  fre¬ 
quently  mask  tinnitus,  ear  protection  can  in¬ 
crease  the  discomfort  of  tinnitus.  The  issues  of 
tinnitus  being  worsened  by  occupational  noise 
exposure,  and  the  Increased  subjective  suffer¬ 
ing  under  car, protectors,  are  often  discussed 
with  patients  in  the  clinic. 

Discussion 

Because  N1HL  is  the  most  common  cause 
of  tinnitus,  it  is  somewhat  surprising  that  there 
have  been  so  few  epidemiologic  investiga¬ 
tions.  Because  the  populations  with  NIHL  ha\e 
many  parameters  in  common,  e.g.,  being  al¬ 
most  exclusively  males,  predominantly  in  the 
ages  of  20  to  60  years,  there  are  good  possibil¬ 
ities  for  comparative  epidemiologic  studies 
that  might  shed  more  light  on  this  annoying 
and  more-or-lcss  incurable  symptom.  Hie  in¬ 
terpretation  of  epidemiologic  studies  can  be 
difficult  for  various  reasons.  One  obvious 
problem  is  the  selection  of  cases.  In  the  litera¬ 
ture  there  appears  to  be  a  great  deal  of  vari¬ 
ability  across  studies  in  the  choice  of  patients, 
ranging  from  examination  of  workers  in  par¬ 
ticular  industries  with  noise  exposure  to  clin 
ics  for  patients  suffering  from  NIHL  or  clinics 
for  tinnitus  sufferers.  Others  have  investigated 
only  cases  of  individuals  who  claimed  insur¬ 
ance  compensation  for  tinnitus.  This  variabil¬ 
ity  in  the  selection  of  study  populations  makes 
it  difficult  to  compare  different  parameters  of 
NIPT,  furthermore,  the  method  of  establishing 
the  incidence  of  tinnitus  vanes  from  recording 
spontaneous  complaints  about  tinnitus  to  dc 
tailed  interrogations  concerning  the  problem. 

Another  difficulty  is  that  tinnitus  in  cases 
with  NIHL  is  not  necessarily  caused  by  the 
noise  exposure.  It  is  well  known  that  tinnitus 
can  be  induced  by  a  number  of  factors,  eg, 
head  trauma,  surgery,  dental  treatment,  and 
upper  respiratory  infections.  In  addressing  the 
question  of  tinnitus  and  NIHL  we  feel  that  it  is 


important  to  put  particular  emphasis  on  the 
onset  and  first  appearance  of  tinnitus,  if  possi¬ 
ble. 

An  interesting  and  difficult  question  that 
is  rarely  examined  is  the  interval  between  the 
onset  of  noise  exposure  and  the  onset  of  hear¬ 
ing  loss  on  the  one  hand,  and  the  interval  be¬ 
tween  the  onset  of  hearing  loss  and  the  onset 
of  tinnitus  on  the  other.  In  our  own  study, 'the 
interval1  between  the  start  of  employment  in 
noise  and  tinnitus  was  approximately  23  years. 
In  contrast,  it  is  a  common  clinical  experience 
that  tinnitus  may  start  acutely  after  impulsive 
and  blast  noise  trauma.  Indeed,  tinnitus  may 
be  the  only  symptom  following  acute  acoustic 
trauma,  in  which  the  audiometric  threshold 
may  not  be  affected  despite  a  permanent  se¬ 
vere  tinnitus. 

An  obvious  problem  with  the  completely 
subjective  symptom  of  tinnitus  is  the  evalua¬ 
tion  of  epidemiologic  data  in  cases  of  NIHL  in 
which  the  occurrence  of  tinnitus  and  its  sever¬ 
ity  arc  reported  by  possible  claimants  for  In¬ 
surance  compensation.  If  the  claim  means  a 
higher  economic  compensation  when  the  pa¬ 
tients  suffer  from  severe  tinnitus,  the  reported 
symptoms  may  be  less  trustworthy.  Coles  et  al 
(198?)  introduced  the  term  “auditory  hon¬ 
esty*  which  we  feel  is  appropriate  In  these 
matters.  If  a  patient  with  NIHL,  having  a  com¬ 
pensation  claim  or  not,  has  given  consistent 
information  on  his  health  and  working  condi¬ 
tions,  and  additionally  appears  to  be  consis¬ 
tent  in  repeated  audiometric  measurements, 
there  is  reason  to  more  readily  believe  the  in¬ 
formation  he  has  given  concerning  his  tinnitus 
than  reports  from  less  consistent  patients. 
However,  a  confounding  variable  is  the  varia¬ 
tion  in  tinnitus  symptoms  over  time. 

In  terms  of  insurance  compensation,  it 
can  be  held  that  in  some  cases  of  NIHL  the 
hearing  loss  can  often  be  rehabilitated,  at  least 
to  some  degree,  with  hearing  aids  or  other 
technical  aids.  The  sense  of  hearing,  unlike 
some  cases  of  tinnitus,  is  nor  “switched  on" 
constantly.  For  many  tinnitus  sufferers,  the 
symptom  of  tinnitus  is  much  more  incapacitat¬ 
ing  than  the  hearing  loss,  and  the  tinnitus  can 
not  be  switched  off  at  any  time.  Even  if  tinni¬ 
tus  is  completely  subjective,  it  should  be  con 
sidcred  in  compensation  claims,  because  it  fre¬ 
quently  increases  the  total  handicap  to  a 
considerable  extent. 

Another  reason  to  focus  on  tinnitus  in 
cases  of  NUIL  is  the  possibility  of  prevention. 
NIHL  is  a  completely  unnecessary  condition, 
except  for  accidental  circumstances,  which 
can  be  completely  prevented  by  decreasing 
the  noise  levels  “at  the  source”  and  by  using 
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ear  protection.  Because  tinnitus  Is  frequently 
more  disabling  than  the  hearing  loss  itself,  we 
feel  that  consideration  of  tinnitus  should  be 
incorporated  in  noise  prevention  programs 
much  more  than  it  has  been.  It  is  well  known 
that  it. is  often  of  little  use  to  warn  compara¬ 
tively  young  workers  about  a  possible  hearing 
loss  they  might  incur  at  an  advanced  age.  They 
generally  have  great  difficulties  in  compre¬ 
hending  the  consequences  of  Such  a  hearing 
loss.  Both  tinnitus  and  hearing  loss  can  be 
acoustically  demonstrated  to  the  at-risk  popu¬ 
lation  in  an  attempt  to  bring  about  a  greater 
understanding  and  awareness  of  the  problem 
and  thus  to  increase  the  motivation  for  wear¬ 
ing  ear  protection  in  noise. 

Conclusion 

There  is  comparatively  little  information 
concerning  the  epidemiology  of  NIPT.  A  re¬ 
view  of  the  literature  reveals  the  diversity  of 
findings  on  tinnitus.  Hie  main  reason  for  this 
diversity  are  the  different  methods  of  investi¬ 
gation.  The  NIPT’  population  is  interesting  be¬ 
cause  of  its  close  association  with  N IH1,  be¬ 
cause  tinnitus  is  a  serious  clinical  problem, 
and  because  the  disorder  is  preventable.  We 
therefore  suggest  that  relevant  information  on 
this  condition  be  collected,  In  order  to  better 
understand  its  pathophysiology,  interactive 
factors,  and  possible  therapeutic  approaches. 
Such  studies  should  be  performed  on  a  ran¬ 
dom  selection  of  the  population,  accounting 
for  differences  in  such  areas  as  age,  gender,  so¬ 
cioeconomic  status,  and  race.  From  such  a  da¬ 
tabase  a  more  detailed  investigation  of  sub¬ 
jects  reporting  occupational  or  leisure-time 
noise  exposure  as  well  as  tinnitus  could  shed 
more  light  on  problems  such  as  the  long  inter¬ 
val  between  the  onset  of  NIIIL,  the  differences 
in  the  characteristics  of  tinnitus,  the  variations 
of  incidence  with  different  types  of  noise,  the 
problem  with  maskability,  and  the  various  ap¬ 
proaches  to  the  prevention  of  NIPT. 

Tinnitus  et  Deficits 
Auditifs 

Les  examens  qui  visent  it  etudier 
l’etiologie  dcs  acouphenes  montrent  que  les 
pertes  audit ives  induites  par  le  bruit  (PAIB) 
cn  sont  ct  de  loin  la  cause  la  plus  frequente, 
L’incidcnce  la  plus  typique  etant  probable* 
ment  30-*f0%.  D’autre  part,  chez  les  ouvriers 
qul  ont  des  PAID,  les  acouphenes  sont  re* 
trouves  dans  approxlmativement  30-50%  des 


cas.  Cependant  il.  n’est  pas  facile  de  savoir 
pourquoi  certains  ouvriers  travaillant  dans  le 
bruit  ont  des  acouphenes  alors  que  d’autres,  du 
mcme  age  et  ayant  passe  le  meme  temps  dans 
le  bruit  n’en  ont  pas."  Les  examens  epidemi- 
ologiqucs  conccrnant  les  acouphenes  dans  les 
PAIB  sont  peu  nombreux  et  sont  souvent  con- 
trad  ictoires  Si  Ton  considerc  que  la  cause  la 
plus  frdqucnte  d’acouphencsest  Pcxposition 
au  bruit  et  si  i’on  considcre  que  les  PAIB  peu- 
vent  etre  6vitees,  il  est  surprenant  que  si  peu 
d'etudes  epid6miologiqucs  aient  et£  pra- 
tiquees.  Puisque  les  PAIB  peuvent  etre  £vitees, 
les  acouphenes  provoques  par  lc  bruit  (APB) 
pourraient  Petre  egalcment.  Beaucoup  dc 
questions  demandent  des  Etudes  plus  appro* 
fondles.  Nous  savons  que  Plncidence  des 
acduphines  augmente  avec  Page.  Nous  savons 
cgalement  que  les  PAID  augmentent  en  gravite 
et  en  frequence  avec  la  dur£e  ^exposition  au 
bruit.  Cependant,  il  n’a  pas  pu  etre  £tabli  si  Ics 
acouphenes  pouvaient  etre  attribues  it  Page  ou 
au  bruit.  Lc  plus  souvent,  Ics  acouphenes  sont 
per^us  &  la  dcrnierc  bonne  frequence  testee  ct 
leur  intenslte  est  proche  du  scull  it  ccttc  fre¬ 
quence.  En  d’autres  termes,  la  sensation 
d’intenslte  la  plus  frequente,  qul  correspond  it 
une  difference  entre  le  seuil  audiomC*trique  et 
lc  seuil  de  Pacouphenc,  est  proche  de  0.  Dans 
les  PAIB  les  acouphenes  sont  cn  general 
per^us  it  dcs  frequence*!*  hautes;  entre  3  et  12 
kHz.  Un  autre  problemc  non  resolu  est  la  lat- 
eraltsatlon  Inegale  dcs  acouphenes.  La  plupart 
des  investigations  ont  montre  que  les 
acouphenes  sont  plus  frequents  dans  Poreillc 
gauche  que  dans  Porcille  droile  mais  cc  fait 
n’a  pas  etc  confirmc  dans  tous  Ics  travaux.  En 
considerant  que  les  PAIB  sont  cgalement  plus 
prononcees  dans  Poreillc  gauche  que  dans 
I’oreille  droitc,  le  fait  que  les  acouphenes 
soient  plus  frequents  it  gauche  n’est  pas  sur¬ 
prenant.  En  egard  an  fait  que  les  travailleurs 
exposes  au  bruit  sont  lc  plus  souvent  de  sexc 
masculin,  on  pourrait  penser  que  les  hommes 
devraient  presenter  des  acouphenes  plus  sou¬ 
vent  que  les  femmes.  Entrangement  il  m’en  est 
pas  toujours  ainsi.  Dans  nos  propres  experi¬ 
ences  nous  avoas  trouve  une  difference  mar¬ 
quee  dans  le  groupe  d’age  50-59  ans  ou  les 
hommes  presentent  des  acouphenes  plus  fre- 
quemrpent  que  les  femmes.  Cependant  dans  le 
groupe  d’age  60-70  ans,  les  femmes  presentent 
des  acouphenes  plus  souvent  que  les  hommes. 
Ceci  pourrait  etre  explique  par  la  PAIB  chez 
les  hommes  du  groupe  d’age  le  plus  jeune 
alors  (jue  la  presbyacousie  en  serai  t  la  PAIB 
chez  les  femmes  du  groupe  d'age  le  plus  eleve. 

11  est  admis  generalement  que  les 
acouphenes  sont  plus  facilement  provoques 
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par  6es  bcxsss  tsapahxaacte  zassi  been  da ns 
rcmirooacgeci  pct&ssaocod  qaa  la  svHc  dc 
fc$agc  <f2rocs  2  fen.  dc  pbxo3cts  a  asxrcc;  <2c 
pettnh,  etc.  11  n'csx  pas  rare  qe'ca  traozu 
□ctxaiiqac  qcn  prodozx  one  dcrzzioa  tesapo- 
rrre  dc  5eu3  sms  pate  aatSuve  persetrate 
ptasse  s'acaxzpagoer  dacoupbetxs  severe* 
pcnmocaBw  Crei  encore  densootre  lerpor- 
lancc  dc  h  prevention  centre  Jc  bruit  ooa 
setdeoem  pots’  Tauditioa  miis  egakmem  cn 
cc  qua  coocctoc  Ics  acoopbcncs. 
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Objective  Evidence  of  Tinnitus  in 
Auditory  Evoked  Magnetic  Fields 

>MANTRIED  HOKE 
CHRISTO  PANTIN' 

BERN D  LUTKENHONER 
KLAUS  LEHXERTZ 


A  icnitus,  an  often  distressing  symptom,  can 
be  associated  with  various  diseases  of  the  mid¬ 
dle  and  inner  car  (eg,  Meniere’s  disease, 
acoustic  trauma,  sudden  bearing  loss)  or  with 
general  diseases  (eg,  arteriosclerosis).  Tinni¬ 
tus  is  a  symptom  of  the  aged.  Its  incidence  in¬ 
creases  distinct!}'  with  age,  from  approxi¬ 
mately  7  percent  in  the  third  decade  of  life  to 
21  percent  in  the  eighth  decade  (Axclsson 
and  Ringdahl,  1987).  Apart  from  a  minority  of 
cases  in  which  a  real  (internal)  sound  source 
exists  (“objective"  tinnitus),  “subjects  c"  tinni¬ 
tus  consists  of  purely  subjective  auditor}'  sen¬ 
sations  that  can  be  evaluated  so  far  only  by 
p5}choacousric  methods.  All  attempts  to  de¬ 
tect  the  pathophysiologic  processes  underly¬ 
ing  tinnitus  in  auditor}'  evoked  potentials 
(AEPs)  or  in  the  electroencephalogram  (EEG) 
ha\c  failed  so  far,  which  docs  not,  however, 
rule  out  that  certain  components  contributing 
to  the  AEP  or  EEG  arc  affected  by  tinnitus.  In 
view'  of  the  great  number  of  individuals  who 
arc  unable  to  lead  a  normal  life  and  the  inef¬ 
fectiveness  of  current  tinnitus  therapy,  it  is 
highly  desirable  that  some  method  be  devised 
to  objectively  assess  the  existence  of  tinnitus 
and  to  determine  its  representation  in  the  cen¬ 
tral  nervous  system.  Because  of  the  high  spa¬ 
tial  resolution  offered  by  ncuromagnctic  mea¬ 
surements,  it  teas  natural  to  stud)'  whether  the 
magnetic  signals  of  the  brain  arc  affected  by 
tinnitus. 

Material  and  Methods 

The  auditory  evoked  magnetic  field  (AEF) 
in  response  to  tone  bursts  (carrier  frequency 


1,000  Hz,  duration  500  ms,  riso'decay  time  15 
ms,  intcrstimulus  interval  4  seconds,  intensity 
60  dB  HL)  was  measured  in  25  patients  suffer¬ 
ing  from  unilateral  tinnitus,  and  in  40  normal- 
hearing  individuals  without  tinnitus.  Both 
groups  were  matched  in  age  (tinnitus  group: 
median  age  59  years,  quanilcs  33  and  56 
years;  nontinnitus  group:  median  age  36  years, 
quanilcs  26  and  46  years)  and  hearing  loss  at 
the  test  frequency  (tinnitus  group:  5  dB — 0 
dB,  10  dB;  nontinnitus  group:  0  dB — 0  dB,  5 
dB).  AEFs  were  measured  over  the  hemi¬ 
sphere  contralateral  to  the  side  of  stimulation 
at  the  anterior  field  maximum.  Measurements 
were  taken  in  an  electrically  and  acoustically, 
but  not  magnetically,  shielded  room  (overall 
noise  level  30  to  50  Hz)  using  a  single- 
channel  DC  SQUID  (Biomagnetic  Technolo¬ 
gies)  equipped  with  a  second-order  gradiome- 
tcr.  Average  waveforms  were  computed  from 
96  stimulus-related  magnctocnccphalogram 
(MEG)  epochs  (sampling  frequency  250  Hz, 
bandwidth  0.1  to  40  Hz)  and,  in  some  individ¬ 
uals,  from  96  EEG  epochs,  simultaneously  re¬ 
corded  between  vertex  and  contralateral  ear¬ 
lobe.  Amplitudes  and  latencies  of  waves  M100 
and  M200  (AEF)  and  their* electric  counter¬ 
parts  N100  and  P200  were  evaluated  off-line 
(for  more  details,  see  Hoke  ct  al,  1989b). 

Results 

Although  the  mean  amplitudes  of  waves 
M100  and  M200  do  not  differ  significantly  in 
the  nontinnitus  group  (Fig.  24-1,  top),  wave 
M200  is  missing  or  only  poorly  developed  in 
the  tinnitus  group  (Fig.  24-1,  bottom),  and  the 
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Figure  24-1  Samples  of  averaged  was  dorms  of  the  au¬ 
ditory  csx>Wcd  magnetic  held,  arbitrarily  selected  from 
the  normal  group  (top)  and  the  tinnitus  group  (bot¬ 
tom).  The  wa\dbrms  recorded  from  the  left  hemi¬ 
sphere  were  inserted  for  better  comparison.  (From 
Hole  M,  Feldman  H,  Panics'  C,  et  aL  Objective  evi- 
dence  of  tinnitus  in  auditory  evoked  magnetic  6elds. 
Hear  Res  1989;  37281-286.) 


the  ampfcodc  ratio  decreases  with  increasing 
age  in  the  normal  group.  whereas  no  depen¬ 
dence  on  age  of  the  amplitude  ratio  is  evident 
in  the  tinnitus  group.  linear  regression  analy¬ 
sis  res  caled  that  the  regression  coefficient  of 
the  data  from  subjects  with  tinnitus  is  not  sig¬ 
nificantly  different  from  0.  whereas  that  of  the 
normal  subjects  differs  significantly  from  0  (p 
less  than  0JD>X  Sunuhaocousiv  recorded  AEPls 
showed  only  a  prolonged  mean-  latency  of 
wave  P200  with  unchanged  mean  amplitudes 
of  MOO  and  P200. 

We  have  also  been  able  to  tracer  the  pro¬ 
cess  of  tinnitus  remission  in  one  exemplary' 
ease  of  acute  tinnitus  Secondary  to  noise 
trauma  (Panics'  et  aL  1989).  During  the  period 
of  recovery  from  tinnitus,  the  waveforms  un¬ 
derwent  a  remarkable  reorganization.  Initially 
wave  MI 00  was  considerably'  augmented  and 
wave  M200  was  totally  missing;  at  the  end  of 
the  study  both  waves  had  normal  shapes  and 
amplitudes  (Fig.  2*4*3).  As  evident  from  the 
upper  panel  of  Figure  2-4-4.  the  amplitude  of 
wave  M10C  decreased  continuously  with  time 
elapsed  since  the  noise  trauma  from  its  initial 
value  of  570  fT,  asymptotically  approaching  a 
value  of  180  fT.  (Mean  and  standard  deviation 
for  tinnitus  patients  are,  according  to  Hoke  et 
al  [  1989b J,  436*105  IT.  and  for  nontinnitus 
individuals,  275*137  fT.)  The  decrease  of  the 
amplitude  of  wave  MI  00  was  accompanied  by 
a  recovery  of  wave  M2G0  from  an  initial  value 
of  0  (thcrtfliphtude  of  M200  is  assumed  to  be 
zero  if  this  wave  is  not  detectable)  to  a  final 
value  of  190  IT.  (Vjanand  standard  deviation 
for  the  tinnitus  g.oup  is,  according  to  Hoke  et 
al  [  1989b),  77*69  IT,  and  for  the  nominnitus 
group,  2522:100  IT.)  The  temporal  develop¬ 
ment  of  the  amplitude  ratio  M200M100  -is 
shown  in  the  middle  panel  of  Figure  24-4.  The 
amplitude  ratio  recovered  from  0  to  a  normal 
value  of  1,1  (1.17  is  the  normal  mean,  accord¬ 
ing  to  Hoke  et  al,  1989b). 


amplitude  of  wave  M100  is  distinctly  larger 
than  the  corresponding  wave  for  the  normal 
group.  Student  t-tests  for  paired  data  revealed 
significant  (p  less  than  0.001)  diffcienccs  in 
both  the:  mean  amplitudes  of  corresponding 
waves  between  groups  and  the  meat;- ampli¬ 
tudes  of  waves  M100  and  M200  in  the  tinnitus 
group.  The  mean  latencies  of  wave  Ml 00  arc 
not  significantly  different  in  the  two  groups, 
but  the  mean  latency  of  wave  M200,  when  de¬ 
veloped,  is  significantly  prolonged  in  the  tinni¬ 
tus  group  (p  less  than  0.002).  Plotting  the  in¬ 
dividual  values  of  the  amplitude  ratio 
M 200 .Ml 00  versus  age  (Fig.  24-2)  shows  that 


Conclusion 

t 

The  results  reported  here  suggest  that  at 
least  one  component  of  cortical  auditory 
evoked  activity  with  a  latency  of"  approxi¬ 
mately  200  ms  interacts  with  tinnitus  We  ex¬ 
plain  the  diminution  or  disappearance  of  wave 
M200  by  pathologically  enhanced  spontane¬ 
ous  activity  in  the  generator  population  of  that 
particular  component,  causing  the  generator 
population  to  be  less  responsive- or  com¬ 
pletely  unresponsive  to  external  stimuli.  The 
enhanced  spontaneous  activity  of  the  neuronal 
population  that  is  supposed  to  depress  wave 
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Auditory  evoked  magnetic  fields 


figure  2  f -3  Avenged  waveforms 
of  the  auditor}'  evoked  magnetic 
fidd  recorded  tner  the 
supralaicral  surface  of  tbc  right 
cerebral  hemisphere  at  the 
anterior  field  maximum.  The 
was  es  MI  00  and  M200  arc 
indicated  by  arrows  in  the  lower 
nghi  panel.  (From  Pantev  C, 

Hole  M,  Lutkcnhdner  B,  lehnertz 
K.  Kumpf  \T.  Tinnitus  remission 
objectified  b)'  ncuromagnetic 
measurements.  Hear  Res  1989; 
40261-26*.) 
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M200  in  tinnitus  patients  has  been  shown  by 
means  of  spat io temporal  spectral  analysis 
(Hoke  ct  al,  1989a). 

The  Ml 00  and  M200  components  arc  as¬ 
sumed  to  reflect  different  processes.  They  arc 
assumed  to  ha\c  basically  monophasic  wa\c* 
forms  of  opposite  polarity.  Wave  M200  is  as¬ 
sumed  to  be  broader  than  wave  M100,  and  its 
deflection  is  assumed  to  begin  before  the  max¬ 
imum  of  Ml 00,  so  that  both  waves  partially 


overlap  in  healthy  subjects.  The  augmentation 
of  wave  Ml 00,  however,  cannot  solely  be  due 
to  tlic  disappearance  of  wave  A 1 200,  as  hy¬ 
pothesized  in  previous  publications  (Hoke  ct 
al,  1989b,  Pantev  ct  al,  1989).  Recent  com¬ 
puter  simulations  have  s'm-s***  *!rat,  under  the 
assumption  of  a  similar  shape  of  wave  M100, 
the  increase  of  its  amplitude  could  also  be  di¬ 
rectly  related  to  tinnitus.  Tbc  underlying  path¬ 
ologic  mechanism  is  still  unclear,  it  might  be 


Occur  onco  of  Thritus  (%) 


280 


FECFORHANCE  CHANGES 


F-gurc  24-4  AcptoxJa  of  wzvo 
>2100  2nd  M200  (top)  2ad 
xsptandc  ratio  M20Q3SI0O 
(middle)  as  a  function  of  ttac 
since  tinnitus  onset-  Tbe  subK«hr 
soKsaiioo  cf  Jsstus  is  indicated  at 
the  bottom.  Black  field,  permanent 
tinnitus;  vertical  bats,  intermittent 
ttomrus;  blank  fidd.  no  tinnitus. 
(From  Ranter  C  Hoke  M, 
lutkenhdoer  B.  Lehnhero  K. 

KuaspF  W.  Tinnitus  remission 
objectified  by  neurotnagneoc 
measurements  Hear  Res  1989; 
40261-261.) 
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due  to  at'  increased  excitability  of  the  genera¬ 
tors  of  the  particular  component  of  wave 
MI00  that  is  being  measured  magnetically. 
Hus  enhanced  activity  in  The  aud.torv  cortex 
could  be  related  to  the  enhancement  ohenom* 
cnon  (enhanced  evoked  potentials  in  the  cen¬ 
tral  auditory  pathway),  originating  in  the  infe¬ 
rior  colliculus  (see  Chapter  I-f ).  The  enhance¬ 
ment  mechanism  found  at  this  level  could  pos¬ 
sibly  be  explained  by  the  reduction  of 
inhibition  as  a  result  of  loss  of  inhibitory  inter- 
neurons,  leading  to  an  increased  level  of  excit¬ 
ability  demonstrated  by  the  increased  maxi- 
mal  discharge  rate 

Tile  enhanced  spontaneous  activity  of  the 
generator  population  of  one  particular  compo¬ 
nent  of  wave  M200,  as  well  as  the  increased 
excitability  of  the  gcncraior  population  of  cue 
particular  component  of  wave  MI00,  arc  sup¬ 
posed  to  be  initiated  by  (probably  multiple) 
exogenous  or  endogenous  noxious  events.  If 
such  an  event  occurs  only  once  or  extremely 
rarely  (eg.,  acute  noise  trauma),  then  these  cf- 
fccts  may  recede,  allowing  recovery  of  normal 
generation  of  waves  M100  and  M200  as 
shown  in  Figure  21-3.  If.  however,  noxfous 
cvents  happen  frequently  or  arc  pcimancnt 


"'di  aging),  then  die  paihologic  neural 
file  vis  cannot  recede  and  eventually  become 
manifest.  Tim  circumscribed  enhanced  spon¬ 
taneous  activity  in  the  auditory  cortex  exists 
■n  hnniius  patients  has  already  been  asserted 
(Hoke,  1988). 


_ •••-  oi  me  amplitude  ratio 

AI200.M100  wiih  age  is  oin  lously  not  a  singu. 
lar  phenomenon.  Age  rclanonships  have  been 
reported  for  various  clecirocnccphaiographic 
*?**££•  (0'  ,hc  la,cnc>'  of  P30°  (Goodin  et 
,9'8'  or  'or  die  temporal  coiicrcncc  in  the 
beta  band  between  electrode  positions  T3T5 
and  T-1T6  Oohn  et  al.  1989).  It  is  tempting  to 
speculate  whether  tile-same  age-related  cere* 
bra!  processes  that  give  rise  to  those  plicnom- 
cna  necessarily  pave  Hie  way  for  Hie  occur- 
rcncc  of  tinnitus. 


The  strong  correlation  between  the  am- 
plitude  ratio  M200.M100  and  the  clinical  man¬ 
ifestation  of  tinnitus  points  to  two  important 
applications;  In  addition  to  its  usefulness  for 
studying  mechanisms  of  tinnitus  pathophysiol- 
ogy,  AEF  measurements  might  become  an  in¬ 
valuable  clinical  tool  for  tfic  objective  assess* 
ment  of  tinnitus  and  an  objective  measure  of 
the  effectiveness  of  tinnitus  therapy 
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Mise  an  Evidence 
Objective  du  Tinnitus 
dans  ies  Champs 
Magnetiques  Evoques 
Auditifs 

Nats  avons  pu  mcttrc  cn  evidence  un  cf- 
fct  objcctif  dcs  acouphenes  dins  Ics  dumps 
nxtgn  cliques '211  ditik  ooques  par  unc  bou See 
tonalc  (FEA).  En  comparanr  les  FEA  obtcnus 
chez  deux  groupcs  de  paiicnis,  l’un  souflram 
d'acouphcncs  ct  n’ayant  que  dcs  penes  audi¬ 
tive.?  ncgligcables  i  la  frequence  test ;  l'autrc 
compose  ilrndi  vidus  normo-criicmiants  sans 
acouphcnc,  nous  avons  Ircnive  que,  bien 'que 
rampUtude  moyenne  dfcs  ondcs  Ml 00  ct 
M200  du  FEA  (designees  ainsi  cn  fonction  de 
I  curs  latcnces  typiques)  ne  diiftrent  pas  signif- 
icativcmait  entre  ics  2  groupcs,  l'ondc  M200 
est  absente  du  iirfcs  peu  dcvclcppec  dans  lc 
groupc  i  acouphencs  aiors  que  l'amphtyde  de 
l’ondc  Ml 00  est  nettcmcnt  augmcntcc  dans  ce 
groupc  (p  <  0.002).  Lc  rapport  d’amphtqdc 
M20aM100  ddcroit  ayce  l’agc  daiis  lc-  groupc 
normal,  aiors  qu’aucunc  relation  entre  1’agc  ct 
lc  rapport  d  amplitude  n’existc  dans  lc  groupc 
u  acouphencs.  Ics  potcnticls  evoques  auditifc 
(PEA)  enregistrds  simultancment  ne  presen- 
ten:  qu’un  allongemcnf  non  cary<^cristiquc  de 
la  latencc  moyenne  de  l’ondc  P200  avee  au- 
cun  changemcnt  des  amplitudes  moj  ennes  de 
N100  ct  P200.  Nous  avons  cgalcmcnt  pu  mon- 
ircr  un  processus  de  remission  dans  un  cas 
d’acouphenc  aigu  (trauma  acoustiquc).  Dans 
ce  cas  Ic  rapport  d’ampfitude  a  rccupcrc  de  o 
a  sa  vaicur  normalc  d’environ  1. 

Nous  expliquons  la  diminution  cut  la  dts- 
pantion  de  l’ondCiM200  par  unc  augmentation 
pathologiqnc  de  l’artivite  spontancc  dans  la 
population-  ncrvcusc  qul  g£nfcrc  ccttc  com- 
posantc,  cc  qul  rend  cc$rg6i6ratcurs  peu  ou 
pas  scnsiblcs  i  unc  stimulation  cxttfricurc.  Les 
ondes  MlOO  et  M200,  qui  sont  probablcmcnt 
g6ndr£cs  par  dcs  processus  different,  sont 
composccs  cssenticllcment  d’ondcs  monopha- 
siques  de  polaritds  opposes  cl  qui  sc  super- 
posent  particllcmcnt.  Done,  si  l’ondc  M200  est 


signiScativemcnt  plus  petite,' ou  bicn  absente, 
l’ondc  Ml 00  pourra  ctrc  enrcgistrec  dans  sa 
totalitc.  On  pense  que  l’augmcntation  de  i’ac- 
thitc  Romance  est  initice  par  des  facteurs  no- 
dfs  exogenes  ou  cndogcncs.  Cette  augmenta¬ 
tion  localised  de  l’activiid  spontancc  dans  le 
cortex:  auditif  cxistc  rccUcmcnt  chcz  les  pa¬ 
tients  soufErant  d'accuphencs  corarac  il  l’a 
deji  etc  deroontre  (Hgac,~1988)- 
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CHAPTER  25 


Choosing  Speech  Materials  to  Assess 
Hearing  Impairment 

GUIDO  F.  SMOOTlGs'BURG 
ARJAN  BOSMAN 


Hearing  impairment,  whether  or  not  noise- 
induced,  is  primarily  assessed  in  terms  of  tone 
audiograms  rather  than  in  terms  of  ability'  to 
understand  speech.  AJ  though  in  everyday  life 
hearing  loss  expresses  itself  in  impaired 
speech  perception  rather  thaiT  in  a  reduced 
ability  to  detect  pure  tones,  the  speech  audio* 
gram  is  frequently  considered  secondary  infor¬ 
mation  supplementing  the  tone  audiogram. 
This  stepmotherly  position  of  speech  audiom¬ 
etry  is  extreme  in  the  field  of  noise-induced 
hearing. loss.  The  presentation  of  dosc  cffcct 
relations  for  noise-induced  hearing  loss  in 
terms  of  tone-audiomctric  losses  seems  to  be  a 
matter  of  course  (e.g,  ISO/DIS  1999.2,  1985). 
Admittedly,  tone  audiometry  possesses  out¬ 
spoken  merits.  It  is  \ery  sensitive  to  small 
changes  in  hearing  acuity',  it  is  a  reliable  and 
efficient  method  of  measurement  with  small 
measurement  error,  it  can  easily  be  used  to 
,  distinguish  conductive  hearing  loss  from  sen¬ 
sorineural  hearing  loss,  and  the  shape  of  the 
tone  audiogram  is,  to  some  extent,  indicative 
of  the  type  and  origin  of  the  hearing  Joss. 
However,  tone  audiometry  docs  not  provide 
us  with  direct  insight  into  the  handicap  that  is 
experienced  by  the  Individual  with  (noise-in¬ 
duced) -hearing  loss  In  perceiving  speech  in 
everyday  life. 

In  addition  to  the  diagnostic  power  of 
tone  audiometry,  (here  is  another  reason  why 
speech  audiometry  lingers  in  the  shadow'  of 
tone  audiometry;  namely  the  wide  variety  of 
speech  materials  that  can  be  chosen.  Speech 
audiometry  can  be  based  on  syllables,  either 
meaningful  or  meaningless,  on  multisyllabic 
words  including  syllable  emphasis  as  a  vari¬ 
able  (eg  spondees  versus  trochees),  on  sen¬ 
tences  (even  syntactically  correct  but  mean¬ 
ingless  sentences,  Nakatani  and  Dukes,  1973), 
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and  on  running  discourse.  For  sentences  and 
running  discourse,  one.  may  choose  to  assess 
the  rcccipt-of  the  speech  message  only,  with- 
out  checking  whether  the  message  was  under¬ 
stood  (by  asking  the  listener  to  simply  repeat 
the  message;  this  is  defined,  as  speech  recep¬ 
tion),  or  one  may  wish  to  know  whether  the 
effort  to  recchc  the  speech  message  was  suffi¬ 
ciently  small  to  also  be  able  to  understand  the 
message  (speech  understanding).  The  latter 
approach  is  rare  in  speech  audiometry.  In 
measuring  speech  reception,  the  score  for 
words  can  be  based  on  the  correct  number  of 
individual  speech  elements  (phonemes)  in  the 
.w*ord  or  it  can  be  based* on  the  number  of 
words  repeated  completely  correctly.  For  sen¬ 
tence  materials,  a  similar  choice  can  be  made 
between  the  syllabic  or  word  score  and  the 
whole-sentence  score.  Moreover,  the  score  for 
sentences  may  be  based  on  selected  key 
words  in  the  sentence,  for  example  those 
words  carrying  the  most  information  and  be¬ 
ing  the  least  predictable  on  the  basis  of  syntax 
(c.g  Fletcher  and  Steinberg,  1929;  Silverman 
and  Hirsh,  1955,  and  Kalikow  et  al,  1977).  Fi¬ 
nally,  when  assessing  the  degree  of  hearing 
impairment,  one  has  to  make  choices  with  re¬ 
spect  to  the  acoustic  realization  of  the  speech 
materials.  Should  one  use  a  male  or  a  female 
voice;  should  one  strive  for  a  very  precise  ar¬ 
ticulation  of  the  speech  material  or  should  the 
articulation  be  normal  or  even  sloppy,  and,  In 
trying  to  estimate  die  everyday  life  handicap, 
should  one  include  ambient  noise  in  the  mea¬ 
surement  because  noise  is  frequently  present 
in  practice? 

The  authors  intend  to  provide  some  In’ 
sight  regarding  the  above  questions  as  well  as 
regarding  the  question  of  measurement  effi¬ 
ciency. 
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Figure  25-1  Idealized  speech  audiograms  for  subjects  with  normal  hearing  (N ),  subjects  with  a  coitductivc  hearing 
loss  (CX  subjects  with  sensorineural  hearing  loss  (sN),  and  subjects  with  more  severe  sensorineural  hearing  loss, 
frequently  of  retrocodilear  ongin,  in  which  the  score  decreases  at  the  highest  levels  tolerated — the  so-called  roll 
o\  er  phenomenon  (SX  RCX 


Basic  Aspects  of  the 
Speech  Audiogram 

In  speech  audiometry,  the  number  of 
speech  units  (such  as  phonemes)  received 
correctly  is  usually  plotted  as  a  function  of 
sound  Ic\el  (Fig.  25-1).  For  normal  cars,  the 
speech  audiogram  appears  as  an  S-shapcd 
curve,  running  from  a  score  of  0  to  100  per¬ 
cent  (curve  N).  In  cares  of  conductive  hearing 
loss  (curv  e  C),  and  in  some  cases  of  (moder¬ 
ate)  sensorineural  hearing  loss,  the  S-shapcd 
curve  may  simply  shift  rightward  to  higher 
stimulus  levels  without  changing  its  shape  or 
Slope.  Such  a  shift  suggests  that  the  hearing 
loss  simply  attenuates  the  signal;  the  score 
curve  follows  a  normal  course  after  amplifying 
the  speech  With  more  severe  sensorineural 
hearing  loss  (curve  SN),  the  slope  of  the  curve 
may  become  shallower  and  may  not  reach  the 
100  percent  level.  In  seme  cases  of  senso- 
rineuial  hearing  loss,  in  particular  those  origi¬ 
nating  with  rctrocochlcar  lesions,  the  score 
may  even  decrease  at  the  highest  stimulus  lev¬ 
els  when  using  words  or  nonsense  syllables  as 
test  materials  (so-called  rollover,  curve  SN- 
RC).  Except  for  the  scarce  cases  of  rollover, 
the  speech  audiogram  can  be  adequately  char¬ 
acterized  by  three  parameters:  the  position  of 
the  curve  along  the  abscissa,  the  slope  of  the 
curve,  and  the  maximum  score  reached  at 
some  level.  The  position  of  the  curve  along 


the  abscissa  is  usually  quantified  by  the  sound 
level  at  which  the  curve  intercepts  the  50  per¬ 
cent  score  level.  This  sound  level  is  defined  as 
the  speech  reception  threshold  (SRT).  How 
ever,  this  definition  is  limited  to  moderate 
hearing  impairment  for  which  the  maximum 
score  exceeds  50  percent.  A  general  definition 
can  be  based  on  the  sound  level  at  which  half 
the  maximum  score  is  found  (Bosnian,  1989). 
The  maximum  score  reached  at  some  level  is 
defined  as  the  discrimination  score  (DS). 

An  interesting  aspect  of  speech  audio- 
grams,  in  comparison  with  tone  audiograms,  is 
that  they  provide  some  insight  into  supra- 
threshold  hearing.  Whereas  tone  audiograms 
present  the  level  at  which  a  pure  tone  can  just 
be  detected,  speech  audiograms  may  indicate 
that  some  speech  sounds  cannot  be  discrimi¬ 
nated  from  each  other,  not  even  at  the  highest 
sound  levels  tolerated.  The  score  may  level  off 
below  100  percent.  In  this  respect,  it  is  in¬ 
structive  to  note  that  the  S-shapcd  curve  of 
the  speccn  audiogram  has  an  origin  that  differs 
from  the  origin  of  the  S-shapcd  detection 
curve  found  for  pure  tones.  The  detection 
curve  for  pure  tones  represents  an  increasing 
probability  of  detecting  speech  sounds  against, 
in  quiet  conditions,  an  internal  (physiologic) 
noise  or  against  external  noise.  It  is  deter¬ 
mined  by  the  intensity  lluctuations  in  the 
noise.  The  speech  audiogram  represents  a  se¬ 
quence  of  increasingly  weaker  speech  elc- 
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Figure  25-2  Solution  of  multidimensional  scaling  analysis  of  vowel  confusions  found  for  subjects  with  normal  hear- 
ing  (A )  m  relation  to  the  frequencies  of  the  first  and  second  formant  (B)  The  vowels  arc,  fv  as  in  bit,  lb  as  in  sec,  la 
as  »n  day  (Scottish  pronunciation),  /c/as  fn  get,  /a/  as  in  fahren  (German),  /a/  as  in  far,  W  as  in  hot,  lol  as  in  no 


ments  becoming  audible  as  sound  level. in¬ 
creases.  Hence,  it  is  determined  by  the  distri¬ 
bution  of  the  levels  of  the  speech  elements.  In 
addition,  it  is  determined  by  their  mutual  dis- 
criminability  and,  depending  on  the  type  of 
materials,  by  the  predictability  of  nonper- 
ccivcd  elements  from  those  elements  per¬ 
ceived.  While  the  S  shaped  curve  for  the  de¬ 
tection  of  pure  tones  may  be  derived  mathe¬ 
matically  from  the  statistical  distribution  of 
noise  intensity,  its  counterpart  in  speech  audi¬ 
ometry  is  primarily  based  on  properties  of  the 
speech  material  itself. 

Although  speech  audiometry  is  usually  re¬ 
stricted  to  assessment  of  recognition  scores, 
phoneme  confusions  may  also  provide  inter¬ 
esting  information  when  the  speech  materials 
consist  of  w;ords  or  meaningless  syllables.  The 
confusions  may  show-  which  speech  features 
arc  poorly  discriminated.  This  Information  can 
be  used  in  handicap  assessment  and  in  hearing 
aid  tuning  Multidimensional  scaling  tech¬ 
niques  (MDS,1  Kruskal,  196  fa,  1964  b,  Carroll 
and  Chang,  1970)  applied  to  confusion  matri¬ 
ces  can  be  very  helpful  in  identifying  the 
speech  features  used  in  discrimination.  These 
techniques  yield  representations  of  the  pho¬ 
nemes  in  two,  three,  or  more  dimensions  in 
which  the  distance  between  the  phonemes  in¬ 
creases  with  decreasing  probability  of  confu¬ 
sion  The  ordering  of  the  phonemes  along  a 
certain  dimension  reveals  the  speech  feature 
involved  Figure  25-2  (left  panel)  show's,  for 
example,  a  result  of  this  technique  for  vowel 
perception  by  subjects  with  normal  hearing. 
The  two  dimensions  emerging  from  MDS  (ac¬ 


cording  to  Kruskal,  1964a,b)  applied  to  the 
perceptual  confusions  appear  to  correspond 
to  the  first  and  second  formant  frequency  of 
the  vowel — measures  commonly- used  to  de¬ 
scribe- the  physical  (spectral)  features  of  the 
vowels  (sec  Fig.  25-2,  right  panel). 

Effect  of  Acoustic 
Realization  of  Speech 
Materials 

The  effect  of  articulation  is  shown  in  Fig¬ 
ure  25-3.  Speech  reception  was  measured  in 
2*1  individuals  with  normal  hearing  (left 
panel)  and  in  24  individuals  with  presbycusis 
(right  panel)  using  two  female  speakers  one 
articulating  normally  (SI),  the  other  articulat¬ 
ing  slowly  and  ovcrprcciscly  ($2).  Speech  ma 
terials  consisted  of  one-  and  two-syllable 
Dutch  (meaningful)  words.  Figure  25-3  show's 
the  phoneme  scores  separated  into  those  for 
the  vowels  and  those  for  the  consonants.  Em¬ 
phatic  articulation  produced  higher  scores  i.i 
the  subjects  with  normal  hearing,  but  in  pres¬ 
bycusis  subjects  the  scores  for  the  two  types 
of  articulation  were  nearly  equal,  particularly 
those  for  the  vowels. 

MDS  analysis  of  the  vowel  confusions 
showed  that  with  presbycusis  the  second  for¬ 
mant  lost  its  importance  in  vowel  recognition. 
The  orderly  arrangement  of  the  vowels,  in  ac¬ 
cordance  with  the  second  formant  frequency, 
found  for  subjects  with  normal  hearing  along 
the  second  dimension  (see  Fig  25-2),  disap- 
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stimulus  level  (dB) 

Figure  25-3  'nie  percentage  of  correctly  responded  \owd$  and  consonants  as  a  function  of  stimulus  loci  for  nor¬ 
mal  speech  (SI)  and  for  slow  and  emphatically  articulated  speech  (S2).  A,  Results  for  norma]  hearing  subjects.  D, 
Results  for  presbycusis  subjects. 


peared  in  the  result  of  AIDS  analysis  for  the 
presbycusis  subjects  (Fig.  25*4;  follow  the 
solid  line).  In  contrast,  Figure  25*4  shows  cen¬ 
tral  clustering  of  the  short  vowels  (encircled), 
which  implies  frequent  confusions  amongst 
these  short  vowels  and  it  shows  good  discrim¬ 
ination  of  the  long  vowels  with  a  certain  first 
formant  from  their  short  duration  counter¬ 
parts  (/!/  versus  /i/,  Id  and  /0/ versus  Jd  and 
/o/,  and  /a 1  versus  /a/).  These  results  suggest 
that  a  third  feature,  \owcl  duration,  may  be¬ 
come  the  second  feature  of  importance  in 
vowel  recognition  once  the  contribution  of 
the  second  formant  disappears.  The  reduction 
in  importance  of  the  second  formant  is  most 
likely  due  to  the  high  frequency  character  of 
the  hearing  loss. 

Further  analysis  showed  that  the  contribu¬ 
tion  of  the  second  formant  to  vowel  recogni¬ 
tion  In  normal  hearing  was  important  only 
for  the  female  speaker  articulating  emphati¬ 
cally,  whereas  the  contribution  of  the  feature 
•Vowel  duration”  in  presbycusis  was  important 
only  for  ttie  female  speaker  articulating  nor¬ 
mally.  The  emphatically  articulated  speech 
consisted  of  unnaturally  long  vowels  with  con¬ 
siderable  spread  in  their  duration.  For  the 
presbycusis  subjects,  the  abnormal  vowel  du¬ 
rations  might  have  meant  that  they  were  less 
able  to  use  the  feature  “vowel  duration  ”  This 
would  explain  why  vowel  duration  was  impor¬ 
tant  to  the  presbycusis  subjects  for  only  the 
speaker  articulating  normally.  The  present  ex- 


Flgurc  25*4  Solution  of  multidimensional  scaling  ana] 
>■515  of  vowel  confusions  found  for  listeners  with  pres¬ 
bycusis.  Vowel  notation  is  explained  in  the  legend  of 
Figure  25-2.  The  short  vowels  arc  encircled 


ample  suggests  that  emphatic  speech  may  pro¬ 
vide  a  better  basis  of  discriminating  high- 
frequency'  hearing  loss  from  normal  hearing. 
When  the  speaker  provides  more  information 
that  is  sensitive  to  (high-frequency)  hearing 
loss,  such  as  the  second  formant,  and  when 
the  speaker  provides  less,  or  misleading  infor¬ 
mation  in  features  that  become  important 
with  hearing  loss,  such  as  vowel  duration,  this 
may  result  in  larger  differences  between  the 
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presentation  level  (dBA) 


Figure  25-5  Phoneme  and  s) liable  scores  for  sense  (s)  and  nonsense  (ns)  CVC  s>  Babies  uttered  by  a  male  (m)  and 
a  female  (f)  speaker  as  a  function  of  stimulus  level  for  presbycusis  subjects  (OIU),  (Adapted  from  Bosman  AJ 
Speech  perception  by  the  hearing  impaired.  Dissertation.  State  University  at  Utrecht,  The  Netherlands,  1989.) 


scores  for  normal  hearing  and  those  for  im¬ 
paired  hearing  as  was  apparent  from  Figure 
25-3  However,  improving  differential  diagnos¬ 
tics  in  this  way  means  that  the  results  become 
less  representative  of  everyday  speech  and 
more  sensitive  to  unforeseen  artifacts,  Such  as 
the  unnatura'  "•cwel  duration.  Wc  therefore 
recommend  normal  articulation  of  speech  ma¬ 
terials  in  speech  audiometry. 

The  question  of  using  a  male  or  female 
voice  was  studied  in  combination  with  the 
question  of  what  type  of  score  and  what  type 
of  speech  materials  arc  preferable.  Figure  25-5 
shows  scores  for  meaningful  and  meaningless 
syllables  (sense  and  nonsense  syllables),  con¬ 
sisting  of  a  sequence  of  an  initial  consonant,  a 
vowel,  and  a  final  consonant  (CVC  syllables), 
uttered  by  either  a  male  or  a  female  speaker 
and  presented  to  20  subjects  with  presbycusis. 
Two  types  of  scores  arc  given;  the  count  of  in¬ 
dividual  phonemes  repeated  correctly  (the 
phoneme  score),  and  the  count  of  syllables  re¬ 
peated  completely  correctly  (the  syllable 
score).  In  this  section,  we  shall  address  the 
question  of  gender. 

In  Figure  25-5,  the  difference  between  the 
average  scores  for  the  male  and  female 
speaker  appears  to  be  small  when  either  the 
phoneme  scores  or  the  syllabic  scores  are 
considered,  in  particular  when  these  differ¬ 
ences  are  compared  to  the  standard  deviation 
of  the  measurements,  which  ranges  from  4  to 
14  percent.  For  young,  normal  hearing  sub¬ 
jects,  the  differences  between  the  two  speak¬ 
ers  were  virtually  zero  (not  shown).  For  all 


subjects  there  was  no  clear  difference  be¬ 
tween  the  tcst-rctcst  error  for  the  nt/lc  and 
the  female  voice.  Tlius,  with  respect  to  scores, 
this  example  suggests  that  the  choice  of  the 
sex  of  the  speaker  is  unimportant. 

MDS  analysis  of  the  confusion  matrices, 
however,  revealed  an  interesting  difference 
(Fig.  25*6).  In  young,  normal  hearing  subjects 
(YNH),  we  found  contributions  to  vowel  rec¬ 
ognition  from  both  the  first  and  the  second 
formant  for  the  male  speaker  (ni)  but  virtually 
no  contribution  from  the  second  formant  for 
the  female  speaker  (f).  The  same  difference 
was  found  for  older  subjects  with  near-normal 
hearing  (ONI1)  but  the  contribution  from  the 
second  formant  for  the  male  speaker  vanished 
in  the  presbycusis  subjects  (OH I).  These  re¬ 
sults  suggest  that  a  male  voice  may  provide 
more  information  when  one  is  interested  m 
changes  in  confusion  patterns  with  high  fre¬ 
quency  hearing  loss.  The  difference  in  the  rel* 
alive  contributions  from  the  first  and  second 
formant  to  vowel  recognition  between  the 
male  and  female  speaker  may  be  due  to  differ¬ 
ences  In  the  level  of  the  second  formant  above 
subjective  threshold.  For  the  female  speaker, 
this  level  may  have  been  too  low  to  aid  vowel 
recognition  at  the  sensation  levels  used.  Al¬ 
though  these  results  are  limited  to  one  male 
speaker  and  to  one  female  speaker,  they  sug¬ 
gest  the  choice  of  a  male  voice.  This  conclu¬ 
sion  is  supported  by  results  found  for  the  con¬ 
sonants,  An  effect  of  hearing  loss  was  seen  pri 
manly  in  the  feature  “voicing"  for  the  male 
speaker. 


'CHOOSING  SPEECH  MATERIALS  TO  ASSESS  HEARING  IMPAIRMENT 


287 


-0.6 -0.4 -0.2  0.0  0.2  0.4  0.6  0.0  0.2  0.4  0.6  0.8  1. 


Dimension  I  Weighting  omOiinenslon  I 

Figure  25-6  Solution  of  multidimensional  scaling  analysis  of  vowel  contusions  (according  to  Carroll  and  Chang. 
1970)  found  for  young  normal  hearing  listeners  (YNH),  for  old  individuals  with  near-normal  hearing  (ONH),  and 
for  old  hearing  impaired  subjects  (OHt),  The  vowels  were  uttered  in  a  CVC  context  by  a  male  (m)  and  a  female  (f ) 
speaker  Vowel  notation  is  explained  in  the  legend  of  Figure  25-2.  Tlic  short  vowels  arc  encircled.  (Adapted  from 
Bosnian  AJ  Speech  perception  by  the  hearing  Impaired.  Dissertation.  State  University  at  Utrecht,  The  Netherlands, 
1989.) 


Effect  of  Type  of  Speech 
Materials  and  Method 
of  Scoring 

The  phoneme  scores  in  Figure  25*5  were 
consistently  higher  than  the  syllable  scores 
(both  expressed  as  percentages).  This  follows 
Straight  from  the  definition.  A  correct  CVC  syl¬ 
lable  implies  three  correct  phonemes;  0,  1,  or 
2  correct  phonemes  imply  an  Incorrect  sylla¬ 
ble,  It  is  interesting  to  note  that  the  phoneme 
scores  for  the  sense  and  nonsense  syllables 
were  almost  equal  to  one  another  whereas  the 
syllable  scores  dilfercd  considerably.  In  choos¬ 
ing  the  method  of  scoring,  this  result  suggests 
to  prefer  phoneme  scores  above  syllable 
scores.  Phoneme  scores  will  be  less  sensitive 
to  lexical  effects. 

The  syllable  score  for  nonsense  syllables 
closely  followed  the  product  of  the  scores  for 
t fie  three  'individual  phonemes,  which  agrees 
with  the  notion  that  the  recognition  of  one 
phoneme  in  a  nonsense  syllable  should,  to  a 
first  approximation,  and  excluding  coarticula¬ 
tion  effects,  not  affect  the  recognition  of  the 
other  phonemes.  For  the  sense  syllables,  how¬ 
ever,  Figure  25-5  shows  a  higher  syllable 
score  at  the  same  phoneme  score.  Tims,  for 
sense  syllables,  the  syllable  score  exceeded 
the  product  of  the  individual  phoneme  scores. 
This  implies  that  the  distr«  button  of  re¬ 
sponded  syllables  with  0,  1,  2,  and  3  correct 
phonemes  per  syllable  deviated  from  the  bi¬ 


nomial  distribution.  Subjects  tended  to  re¬ 
spond  with  a  complete  syllable  or  with  no 
syllable  at  all;  they  responded  with  a  few 
Incomplete  syllables.  This  result  suggests  that 
nonsense  syllables  arc  to  be  preferred.  How'- 
ever,  untrained  subjects  tend  to  respond  with 
meaningful  syllables  resembling  the  nonsense 
syllables  presented.  This  bias  is  very  sensi¬ 
tive  to  the  instruction  procedure.  Higher 
reliability  is  therefore  obtained  when  using 
sense  syllables.  We  shall  show  that  for  Dutch 
CVC  sense  syllables,  the  lexical  effects  on 
phoneme  scores  arc  limited.  With  other  lan¬ 
guages  containing  few  short,  meaningful  sylla¬ 
bles,  it  may  be  more  difficult  to  compose  lists 
of  meaningful  syllables  with  limited  lexical 
effects. 

A  comparison  between  the  scores  for 
CVC  syllables  and  those  for  sentences  consist¬ 
ing  of  eight  or  nine  syllables  (Plomp  and  Mim- 
pen,  1979)  is  given  in  Figure  25-7  for  YNH 
subjects  (upper  panel)  and  for  OHI  subjects 
(lower  panel).  Again,  scores  arc  presented  for 
the  male  and  the  female  speaker  and,  again, 
the  CVC  syllables  are  scored  in  terms  of  the 
phoneme  count  and  the  syllable  count.  Simi¬ 
larly,  the  sentences  arc  scored  in  terms  of  the 
number  of  individual  syllables  repeated  cor¬ 
rectly  and  the  number  of  sentences  repeated 
completely  correctly.  For  the  YNH  subjects, 
the  upper  panel  of  Figure  25-7  shows  consid¬ 
erably  steeper  sloping  curves  for  the  sen¬ 
tences  than  for  the  syllables,  irrespective  of 
the  type  of  score.  This  difference  in  slope  is 
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Figure  25-7  Syllable  (syll)  and  wboIc-scnicncc  (sent )  scores  for  sentences  uttered  by  a  male  (m)  and  a  female  (f  > 
speaker  as  a  function  of  stimulus  level  in  rdauon  to  phoneme  and  syllable  scores  for  O  C  syllables  (CVC  phon  and 
CYC  syll,  respectively).  Upper  panel;  Results  for  young  normal  hearing  subjects  (YNH>  Lower  panel.  Results  for  old 
hearing  unpaired  subjects  (0111  y  (Adapted  from  Bosman  A).  Speech  perception  by  the  hearing  impaired.  Disscru 
lion.  Sutc  Unn  ersity  at  Utrecht,  The  Netherlands,  1989.) 


less  marked  for  the  scores  of  the  OHI  subjects 
in  the  lower  panel  of  Figure  25-7. 

Because  the  steep  slopes  found  for  the 
sentences  were  expected,  we  did  not  measure 
the  scores  at  fixed  presentation  let  els.  How- 
c\ er,  the  levels  were  adjusted  in  relation  to 
the  individual  SRT  for  the  sentences.  Subse¬ 
quently,  the  scores  averaged  across  subjects 
were  plotted  as  a  function  of  the  presentation 
levels  averaged  across  subjects.  Tins  proce¬ 
dure  guards  against  a  wrong  impression  of  the 
increase  of  the  score  with  increasing  presenta¬ 
tion  level.  When  the  individual  SRTs  cover  a 
large  range  of  presentation  levels,  data  averag¬ 
ing  without  normalization  may  result  in  a  re¬ 
duction  of  the  steepness  of  the  slopes  mea¬ 
sured  individually  because  of  the  nonlinear, 
asymptotic  behavior  of  the  score  curves  at 


scores  of  0  and  100  percent.  Thus,  for  the  sen 
tcnces,  the  averaged  data  of  Figure  25-7  give  a 
fair  impression  of  the  steepness  of  the  individ¬ 
ual  slopes.  Near  a  score  of  50  percent,  these 
slopes  arc  1 5  percent  per  dB  for  the  YNH  sub¬ 
jects  and  A  percent  for  the  OHI  subjects.  The 
averaged  data  for  the  CVC  syllables  were  not 
normalized  to  individual  SRT.  They  neverthe¬ 
less  give  a  fair  impression  of  the  individual 
slopes.  Estimates  of  the  individual  slopes 
yielded  values  of  5.5  percent  per  dB  for  the 
YNH  subjects  and  3  5  percent  per  dB  for  the 
OHI  subjects.  The  large  decrease  in  the  slope 
of  the  curves  for  sentences  found  w  ith  hearing 
loss  implies  that  measurement  error  in  SRT 
will  increase  markedly  with  hearing  loss. 

The  steepness  of  the  score  curves  for  sen 
tcnces  originates  with  the  redundancy  of  in 


CHoostsG  stock  xatezlus to  assess  i  eating  WAimvr 


289 


figure  I5-S  Rrixioa  ber»xcn  the  joxc  for  scecsccs  (rrpe^cd  caespteuiy  corrcctK)  2nd  the  pbooccx  score  foe 
OC  stfhbics  (bead  for  rocej  oomilteraj  fdbfccts  (YNH.  k ft  pod)  aad  for  oJd  heaneg  taptiffd  sebjeos 
(CMU.  vr^TL  pad).  Tbc  ximgz  ptwarac  score  zl  a  pvtn  tettoa  score  »  &rx<cd  by  the  bic^o.  Tbc  bar  fo 
arc  htsed  oa  procipd  cocpaxoj  (lax  xjero  is  tbc  dsrecnoo  pcpcadjaii  to  tbc  lac).  (Adapted  frees  Bov 
esaa  Aj.  Speech  pcrcrjxica  br  tbc  beanog  ■capered.  Dssmziioa  Sere  I'chmcr  31  ttrtcfcx.  Tbc  NobdrA 
19S9-) 


formation  in  sentences.  Once  the  loud  pho¬ 
nemes  (die  vowels  and  the  loud  consonants) 
are  perceived,  listeners  arc  able  to  guess  the 
nonperceived  phonemes  on  the  basis  of  their 
knowledge  of  grammar,  syntax,  and  lexicon. 
This  means  that  negitivc  effects  of  higjvfrc- 
quenev  hearing  loss  on  the  perception  of 
weak  highfrequenev  consonants,  such  as  frica¬ 
tives  and  plosives,  may  go  unnoticed.  The 
choice  of  sentences  as  speech  materia]  in  audi- 
omctiy  has  free  validity  when  one  is  inter¬ 
ested  in  determining  the  handicap  for  every¬ 
day  speech.  One  should  bear  in  mind,  how¬ 
ever,  that  this  material  docs  not  reveal  prob¬ 
lems  that  tfiay  arise  with  high-frequency 
hearing  loss  when  the  hearing  impaired  has  to 
understand,  for  example,  unfamiliar  words. 

The  relation  between  the  phoneme  scores 
for  syllables  and  the  sentence  scores  shows  an 
interesting  aspect  of  speech  perception  by  the 
old  hearing  impaired  (Fig,  25-8).  Whereas  a 
100  percent  sentence  score  is  reached  for 
both  the  YNII  and  the  OIII  aibjects  at  a  pho¬ 
neme  score  of  about  TO  percent,  the  relation 
ax  the  low  scores  shows  a  difference  between 
the  two  groups  of  subjects.  For  example,  a 
sentence  score  of  20  percent  is  reached  at  an 
average  phoneme  score  of  about  50  percent 
for  the  YNH  subjects  and  at  only  about  30  per¬ 
cent  for  the  OIII  subjects.  Thus,  OHI  subjects 
seem  to  have  better  skill  in  receiving  sen¬ 
tences  on  the  basis  of  fragments  of  speech  in¬ 
formation.  Figure  25-8  also  rhows  that  the  cor 
relation  between  the  phoneme  scores  and  the 


.sentence  scores  is  limited.  In  predicting  sen¬ 
tence  SRT  from  the  levels  at  which  half  the 
maximum  phoneme  score  for  syllables  is 
found,  the  error  is  about  5  dB. 

finally,  we  may  consider  the  use  of  run¬ 
ning  discourse  in  speech  audiometry  (dc  Fil¬ 
ippo  and  Scott,  1978).  With  this  material,  the 
score  is  usually  based  on  the  time  required  to 
repeat  the  message  completely  correctly,  in¬ 
cluding  repeated  presentations  of  those  parts 
of. the  text  that  were  not  well  received.  This 
method  is  used  in  the  profoundly  hearing  im¬ 
paired  because  their  reception  scores  for  iso¬ 
lated  syllables  or  sentences  may  be  very  low. 
However,  the  score  based  on  completion  lime 
is  sensitive  to  the  strategy  of  the  examiner 
reading  the  text  and  deciding  when  to  repeat 
or  spell  part  of  it  in  response  to  misrcccptions. 
In  view  of  this  limited  reliability  and  the  fact 
that  the  reception  scores  for  syllables  and  sen 
tehees  usually  do  not  fall  to  very  low  percent¬ 
ages  when  dealing  with  noise-induced  herring 
loss,  the  use  of  isolated  syllables  or  sentences 
suggests  itself  for  this  type  of  hearing  loss. 

Measurement  Error  and 
Measurement  Efficiency 

In  speech  audiometry,  measurement  error 
can  be  predicted  on  the  basis  of  elementary 
statistics.  We  assume  that  the  probability  of  re¬ 
ceiving  a  speech  unit  (c.g.  a  phoneme  or  a 
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CVC  score  (%) 


figure  25 -9  >kasarcxacnc  error  foe  pSxxxoe  (pboa) 
and  syllable  (syll)  scores  wfch  sense  (s)  2nd  nonsense 
*  ns)  O'C  syllables  at  ddbaX  lords  of  perfpnaaacc- 
Perioraaace  lerrfs  were  divided  **>  10  coetigaocs 
classes,  each  ct&S  coming  a  score  interval  of  10  per¬ 
cent  PrnSaiocs,  based  on  the  bcnceuid  dbrirbuiioo. 
are  indsexed  by  tbc  dotted  fines.  The  expensxixal 
data  are  doored  from  'estmest  ddferaccs.  The  re¬ 
sells  arc  pooled  across  the  three  poops  of  subjects. 
(Adapted  Croa  Bosnia  AJ.  Speech  pcrccpuon  by  the 
bearing  impaired.  Dissenauoa  St2tc  Uersersity  at 
Utrecht,  Tie  Netherlands  19S9-) 

syllable)  does  not  depend  on  previous  failure 
-or  sue. tss.  but  that  it  is  an  unconditional 
probability  determined  by  the  character  of  the 
speech  unit  and  its  lev  cl  If  the  probability  of  a 
correct  response  equals  p  and  the  itumber  of 
.presentations  equals  X,  we  inay  expect  pX 
correct  responses  and,  according  to  the  prop¬ 
erties  of  the  binomial  distribution,  a  standard 
deviation  of  y(p^  l-p)J$^.  The  standard  devia¬ 
tion,  expressed  as  a  fraction  of  the  number  of 
presentations,  becomes  /(p-(l-pyN).  Figure 
25*9  shows  the  calculatedCstandard  deviation 
(in  dotted  curves)  for  a  list  of  12  O'C  syUa- 
bles  as  a  function  of  p  in  percent  (the  score), 
where  N=  12  when  syllables  arc  scored  and 
N-36  for  phonemes.  When  we  compare  these 
calculated  values  to  measurement  error,  de¬ 
rived  from  the  experimentally  determined 
tcst-rctest  reliability.  Figure  25*9  shows  that 
the  experimental  errors  for  the  s>Hablcs,  ei¬ 
ther  sense  or  nonsense,  closely  follow'  the  pre¬ 
diction.  Thus,  syllable  reception  can  be  mod¬ 
eled  as  the  reception  of,  in  this  ease  12,  inde¬ 
pendent  speech  units.  For  the  phoneme  score, 
however,  measurement  error  mostly  exceeds 
the  calculated  standard  deviation.  With  non¬ 
sense  syllables,  it  closely  follow’s  the  predic¬ 
tion  when  the  score  exceeds  *10  percent,  but 


foe  I we:  scores  ix  approaches  the  prediction 
for  stubbles.  This  suggests  that  response  be¬ 
havior  si  these  low  levels  changed  from  re¬ 
sponding  phonemes  independently  (incom¬ 
plete  syllables)  to  responding  either  the  foil 
syllable  or  none.  With  the  sense  syllables, 
measurement  error  ts  found  in  between  the 
predictions  for  phonemes  and  those  for  sylla¬ 
bles.  Henen.  the  number  of  independent 
speech  dements  was  less  than  tbc  number  of 
phonemes  but  greater  than  tbc  number  of  syl¬ 
lables.  A  calculation  of  tbc  effective  number  of 
independent  dements  yielded  X=29.  This  can 
be  interpreted  as  an  average  number  of  2 L*i  in¬ 
dependent  phonemes  per  syllable.  The  devia¬ 
tion  from  3  independent  phonemes  is  ascribed 
so  primarily  lexical  effects.  We  concluded  ear¬ 
lier  tint' phoneme  scores  are  to  be  preferred 
above  syllable  scores  because  they  arc  more 
resistant  to  lexical  effects.  Here,  in  addition, 
we  conclude  that  phoneme  scores  are  to  be 
preferred  because  they  carry  smaller  measure¬ 
ment  error.  v 

We  applied  the  same  analysis  to  the  re¬ 
sults  for  sentences  Measurement  errors  for 
the  sentence  score,  the  word  score,  and  the 
syllabic  score  were  all  dose  to  the  calculated 
values  for  the  sentence  score.  This  suggests 
that  reception  of  certain  words  qr  syllables  in 
the  sentence  depends  highly  on  reception  of 
the  other  syllables.  Limited  reliability  of  the 
measurement  error  estimates  prevented  calcu¬ 
lation  of  the  number  of  independent  speech 
units  in  the  sentences.  Yet.  this  could  be  done 
on  the  basis  of  the  relation  between  the  sen¬ 
tence  score  and  the  product  of  the  syllabic 
scores.  The  result  was  about  three  indepen¬ 
dent  units.  For  the  design  of  sentence  lists 
with  kvry  words,  this  result  suggests  that  rc- 
tyms  will  diminish  when  the  number  of  Ley 
words  in  one  simple  sentence  (consisting  of 
eight  or  nine  syllables)  exceeds  a  value  of 
three. 

We  also  concluded  earlier  that,  with  re¬ 
spect  fo  measurement  of  speech  discrimina¬ 
tion  abilities,  word  materials  provide  more  de¬ 
tailed  information  than  sentences.  Sentences, 
however,  arc  frequently  advocated  to  measure 
the  SRT.  The  steep  slope  of  the  score  curve 
for  sentences  promises  small  measurement  er¬ 
ror  in  the  SRT.  Calculations  of  SRT  measure¬ 
ment  error,  where  the  SRT  was  based  on  ei 
ther  interpolation  of  the  score  curves  around 
the  50  percent  score  (or  half  the  maximum 
score)  or  on  a  parametrized  fit  of  the  score 
curve,  yielded  in  YNH  subjects  an  error  of 
about  1.5  dB  for  the  phoneme  scores  and  an 
error  of  about  0.9  dB  for  the  sentences.  The 
corresponding  values  for  the  OHI  subjects 
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were  zboui  4.0  snd  3.9  dB.  The  higxr  values 
found  foe  ihc  OH1  subjects  axe  m  agreement 
«itb  our  previously  expressed  expectation 
based  on  the  decrease  in  the  slope  of  the 
score  curves  with  hearing  loss.  Comparing 
these  results  in  view  of  measurement  effi¬ 
ciency.  we  should  ulx  into  account  measure¬ 
ment  time.  The  results  for  syllables  were 
based  on  three  lists  of  12  CVC  syllables  each, 
the  measurement  taking  about  150  s;  the  re¬ 
sults  lor  sentences  were  based  on  two  lists  of 
13  sentences  each,  taking  about  230  s.  Assum¬ 
ing  an  extension  of  the  word  lists  to  230  s 
measurement  time  and  a  decrease  in  measure¬ 
ment  error  with  increasing  measurement  time 
in  accordance  with  the  jN-knv,  estimates  of 
the  error  for  syllables  become  12.  dB  in  YNH 
subjects  and  3.2  dB  in  the  OH  I  subjects.  These 
n  ambers  arc  dose  to  the  errors  found  for  the 
sentences  of  0.9  and  3-9  dB,  respectively. 
Thus,  the  present  results,  based  on  carefully 
developed  5}  liable  and  sentence  materials, 
suggest  that  there  ts  no  important  difference 
between  s>  liable  and  sentence  materials  with 
respect  to  the  efficiency'  in  determimng.ihc 
SRT.  When  the  measurements  arc  done  in  a 
noisy  background,  the  slopes  of  the  score 
Curves  (Bosnian,  19S9)  suggest  that  we  may 
expea  to  arrive  at  the  same  conclusion.  Thus 
it  seems  justrlod  to  restrict  the  measurements 
to  sellable  materials,  even  when  the  SRT  is  the 
primary  measure  of  concern. 

Speech  Audiometry  in  a 
Noisy  Background 

So  far,  the  present  discussion  of  speech 
audiometry  was  limited  to  measurements  in  a 
qyict  conditioa  However,  individuals  with 
noise-induced  hearing  IGss  first  complain 
about  a  hearing  handicap  when  tjying  to  un¬ 
derstand  speech  in  a  noisy  environment 
(Smoorenburg,  1990).  Therefore,  we  shall 
conclude  this  paper  with  a  note  on  speech  re¬ 
ception  in  noisy  conditions.  For  sentence  re¬ 
ception,- Figure  25-10  shows  that  there  is  little 
correlation  between  thresholds  measured  in  a 
quiet  condition  and  those  measured  against  a 
background  noise  (r*0.45).  Thus,  in  order  to 
acquire  a  good  impression  of  the  handicap  ex¬ 
perienced  by  an  individual  with  noise-induced 
hearing  loss  in  a  noisy  environment,  one 
should  include  speech  audiometry  in  noise. 

With  noise-induced ‘hearing  loss,  speech 
reception  thresholds  measured  either  in  quiet 
or  in  noise  can  be  predicted  to  some  extent 
from  the  tone  audiogram.  One  may  wish  to 
consider  the  accuracy'  of  this  prediction 


Figure  25-10  Speech  reception  thresholds  measured 
agumt  a  background  noise,  expressed  in  the  signal  to- 
noese  distance.  ^!  relation  to  the  speech  reception 
threshold  measured  in  a  quiet  condition,  expressed  in 
the  sound  level  it self  in  dB(A)  lor  400  ears  with  noise- 
induced  hearing  loss  (r=045>  (Adapted  from 
Smoorenburg  GF.  Hearing  handicap  assessment  for 
speech- perception  using  pure  tone  audiometry  In; 
Noise  as  a  public  health  problem,  new  advances  in 
noise  researdL  Rut  1.  Vol.  4.  Stockholm.  Swedish 
Council  for  Building  Research.  1990245.) 

against  the  error  in  the  speech  reception  mea¬ 
surement  itself!  In  order  to  gain  some  insight 
into  this  question,  the  reader  is  referred  to 
Smoorenburg  (1986, 1990,  1991  > 

Conclusion 

The  results  presented  In  this  paper  sug¬ 
gest  that  appropriate  materials  for  speech  au¬ 
diometry  consist  of  short  (meaningful)  words, 
articulated  normally  by  a  male  speaker,  to  be 
presented  in  both  a  quiet  condition  and 
against  a  noisy  background,  and  to  be  scored 
in  terms  of  the  phoneme  count. 

Choix  des 

Caracteristiques  de  la 
Parole  Permettant 
D’Evaluer  les  Atteinies 
Auditives 

On  soupconne  les  pertes  auditives  in- 
duites  par  Ic  bruit  (NIHL)  ct  caractfosecs  par 
unc  augmentation  des  seuils  audiufs  dans  la 
region  dcs  4  kHz,  d’affecter  la  perception  de  la 
parole  par  1’attcnuation  de  ses  composantes  de 
haute-frequence.  Cependant,  l’efict  des  pertes 
auditives  n’est  pas  simplcmcnt  comparable  d 
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rcffct  dattcmaiioa  dcs  ccmposmtes  dc 
hzutc-frcqucnccs  dc  la  parole,  presentees  a 
dcs  sujets  unc  audition  normalc.  Mane 
pour  dcs  stimulus  supra!  imitnircs.  nous  trou- 
vons  un  eflet  dom  rateable  des  pertes  audi- 
th  cs.  Cda  pent  provemr  dc  pertes  dc  discrim¬ 
ination  ties  coroposantcs  supra-Umuttlrcs  cn 
plus  du  tacteur  tf attenuation, 

L’impact  dcs  pertes  audithes  sur  la  per¬ 
ception  dc  la  parole  depend  du  materiel  uti¬ 
lise.  L'ihfoxmation  dcs  hautes  frequences  cst 
plus  impoitantc  dans  la  reconnaissance  dcs 
mots  cl  phonemes  que  dans  la  reconnaissance 
dc  phrases.  L’information  foumic  par  les 
basses  ct  movennes  frequences  dins  les  toy- 
cllcs  ct  les  consonncs  fortes  (sonores)  peu- 
vent  foumir  unc  information'S.ffisantc  pour 
comprcndrc  les  phrases. 

Dans  cct  article  nous  comparerons  les  re¬ 
sults  is  des  phonemes  ct  dcs  mots  pour  dcs  s>  I- 
labes  significatives  et  non  significatives  consis- 
tant  cn  des  sequences  consonne-voycllc-con- 
sonne  et  les  scores  dcs  syJlabes  et  phrases 
pour  dcs  phrases  simples  presentees  dans  un 
emironnement  ealme  ou  brurerjt  sur  des  su¬ 
jets  presentant  des  pertes  audithes.  En  plus 
nous  examinerons  les  confusions  dc  pho¬ 
nemes,  cn  relation  avee  les  poles  auditives 
aux  hautes  frequences. 

References 

Bosnun  AJ.  Speech  perception  by  the  hearing  un¬ 
paired.  Dissertation.  State  University  at  Utrecht,  The 
Netherlands,  1989. 

Carroll  JD,  Chang  JJ.  Aiuljsis  of  individual  differences 
in  multidimensional  scaling  via  an  N-way  generali¬ 
sation  of.  the  “Eclart -Young"  decomposition.  Psy* 
chomelrika  1970;  35285-319. 


Pc  Fibppo  CL.  Scon  BL  A  method  for  training  and  oah 
carioo  of  the  reception  of  acspJt>g  speech.  J  Acoust 
Soc  Am  1978c  63.1 186-1 192. 

fkttter  If  Steinberg JC.  Anicubtioa  toting  methods, 
BdJSystTcchJ  1929:8:806854. 

ISODtS  19992.  (1985)  Accwtao—Octcrminatioci  of 
occupational  Dotsc  exposure  and  orinmkxi  of 
notsc-jodoccd  hearing  impurroent, 

Kaliw  ON*.  Stevens  KX.  Elliott  LL  Do  dopraent  of  a 
test  ofvpecch  intelligibility  in  noise  using  sentences 
with  controlled  word  predictability;  J  Acoust  Soc 
A 13  1977;61:1337-1351. 

Xruskal  JB.  Muitxhstcnsioaal  scaling  by  optimizing 
goodness  of  Et  to  a  nonmetric  bvpothcsis.  Psv- 
cboroctrika  1964  a;  29:1-27. 

feudal  JB.  Nonmetric  multidimensional  scaling:  A  nu¬ 
merical  method.  Rs)chofr.ctrika  1961b-.29-.28-f  2, 

Nalcatani  lif  DiAcs  KD.  A  sensitive  lest  of  speech  com- 
mti-tfraiion  quality.  J  Acoust  Soc  Am  1973; 

;  53-1083-1092. 

Plomp  R.  M unpen  AM.  f  improving  the  rdiabdily  of  test¬ 
ing  the  speech  reception  threshold  for  sentence!. 
Audiologv'  1979:  1 8  1 5-52. 

Silverman  SR.  Iiirsh  IJ.  Problems  rebted  to  the  use  of 
speech  ip  dinical-.  audiometry.  Ann  Otol  Rhinol 
laryngol  1955: 61.! 234- 124 4. 

Smeorenburg  CT.  Speed:  pcrccptioo  in  individuals 
with  notsc-induced  hearing  loss  and  its  implication 
for  hearing  loss  criicnjL  In:  Salvi  RJ,  Henderson  D. 
Harnemii;  RP,  Cofctti  V.  cds.  Basse  and  applied  as¬ 
pects  of  noise-induced  hearing  loss  New  York:  Ple¬ 
num  Press.  1986:535. 

Smoorenlrirg  GF.  J  fearing  handicap  assessment  for 
speech  perception  using  pure  tone  audiometry.  In. 
Noise  as  a  public  health  problem,  new  advances  in 
noise  research.  Part  I.  VoL-4.  Stockholm.  Swedish 
Council  for  Building  Research.  1990:245. 

Smoorenburg'  GF.  Speech  reception  in  quiet  and  in 
noisy  conditions  by  individuals  with  noise  induced 
hearing  loss  in  relation  to  their  tone  audiogram.  J 
Acoust  Soc  Am  1991.  in  revision. 


CHAPTER  26 

\ 


Effects  ofNoisi 

It  STEVEN  COLBURN 
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During  the  past  decade,  there  wasu  great 
increase  in  the-mimber  of  psychophysical  in¬ 
vestigations  of  hearing-impaired  listeners.  The 
vast  majority  of  those  studies  were  directed 
toward  revealing  deficits  or  discovering  mech¬ 
anisms  that  mediate  the  monaural  processing 
Qf  sounds.  One  purpose  of  this  paper  is  to 
cuss  the  relatively  few'  binaural  studies  of 
hcaring-jmpaired  listeners  that  were  -con¬ 
ducted.  Additionally,  we  discuss  social  recent 
empirical,  theoretical,  and  practical  advances 
that  tve  believe  will  stimulate  and  help  shape 
future  studies  of  binaural  processing  in  hear¬ 
ing-impaired  populations.  At  this  time,  the  dis¬ 
cussion  cannot  focus  exclusively,  or  even 
principally,  on  the  deleterious  effects  of  acous¬ 
tic  overexposure  per  se.  This  is  because  most 
published  reports  do  not  contain  the  informa¬ 
tion  necessary  to  isolate  the  factor  or  factors 
responsible  for  the  subjects’  hearing  losses. 

Studies  Prior  to  >J  981 

A  detailed  review  of  available  results  from 
binaural  studies  of  listeners  with  hearing  im¬ 
pairments  was  presented  in  1981  (Durlach  cl 
al,  1981);  we  will  not- repeat  a  detailed  discus¬ 
sion  oif  the  results  here.  In  this  part  of  our  pre¬ 
sentation,  we  summarize  the  studies  up  to 
1981  at  a  general  level,  and  point  out  several 
issues  that  were -raised  by  that,  review,  either 
explicitly  or  implicitly,  which  remain  impor¬ 
tant  in  considering  binaural  studies  of  hearing- 
impaired  listeners. 

As  already  noted,  few'  studies  have  specif¬ 
ically  addressed  the  consequences  of  acoustic 
exposure  for  binaural  hearing.  Therefore  we 
are  forced  to  consider  results  from  subjects  in 
<proadcr  categories.  Most  studies  have  divided 
listeners  into  conductive,  cochlear,  and  retro- 
cochlear  categories  (with  brain-stem  and  cor- 
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deal  deficits  identified  as  a  separate , group 
without  audiometric  losses),  so  that  a  'brief 
sum  mar)'  of  the  results  from  subjects  with  co¬ 
chlear  pathologies  may  provide  insight  about 
patients  suffering  from  noise-induced  losses. 
Individuals  with  cochlear  hearing  losses  gen¬ 
erally  can  discriminate  interaural  delays  in 
wide  band  signals  significantly  better  than  in¬ 
dividuals  with  conductive  or  retrocochlcar 
impairments,  listeners  with  cochlear  loss  ap¬ 
pear  to  have  greater  difficulties  with  intcrautal 
time  discrimination  with  narrow-band  stimuli 
(sec  Hawkins  and  Wightman,  1980,  as  dis¬ 
cussed  later),  and  these  deficits  may  be  related 
to  lesions  occupying  restricted  cochlear  re¬ 
gions  (for  some  subject  categories).  The  free* 
field  localization  tests  that  have  been  con¬ 
ducted  were  primarily  of  the  anglc-idcntifica- 
tion  type,  and  generally  revealed  that  subjects 
with  bilaterally  symmetric  cochlear  losses  arc 
better  off  than  subjects  with  other  categories 
of  hearing  impairment.  Few  data  on  interaural 
intensity  discrimination  by  subjects  with  co¬ 
chlear  loss  had  been  obtained  prior  to  1981.  It 
was  already  apparent  at  that  time,  however, 
that  abilities  varied  over  subjects  in  a  manner 
that  showed  little  correlation  with  abilities  in 
interaural  time  discrimination. 

Subjects  with  cochlear  loss  also  seem  to 
have  considerable  difficulty  in  binaural  detec¬ 
tion  of  tones  in  wide  band  noise;  for  example, 
Quaranta  and  Cencllera  ( 197-1)  report  abnor¬ 
mally  small  masking  level  differences  (MLDs) 
in  86  percent  of  the  cases  they  studied.  These 
data  suggest  that  patients  with  bilateral  senso¬ 
rineural  losses  might  have  difficulty  perform¬ 
ing  tasks  that  involve  processing  dr- interaural 
temporal  information  in  narrow  frequency 
bands. 

Measurements  from  subjects  who  are  ex¬ 
plicitly  identified  as  having  noise-induced 
losses  were  almost  exclusively  from  studies  of 
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binaural  detection  (Olsen  ct  al,  1976;  Olsen 
and  Noflsjnger,  197 6).  These  studies  show 
that  roost  patients  with  noise-induced  hearing 
leases  hav  e  MLDs  in- the  normal  range  for 
500-Hz  target  tones,  although  a  few  subjects 
show  very  small  MLDs.  It  is  interesting  to  note 
that  the  subjects  with  small  MLDs  were  not 
necessarily  the  ones  with  losses  2t  500  Hz; 
therefore,  subjects  can  have  abnormal  perfor¬ 
mance  at  500  Hz  with  normal  absolute  thresh¬ 
olds  at  500  Hz.  This  is  one  of  sev  eral  examples 
of  the  lack  of  correlation  between  binaural 
performance  and  the:' monaural  audiograms. 
MLDs  with  spondee  targets  arc  more  affected 
by  noise-induced  losses;  specifically,  the  aver¬ 
age  MLD  is  approximately  2  dB  smaller  than 
normal,  and  a  urger  percentage  of  patients 
show  negligible  MLDs  in  this  case: 

A  number  of  factors  interfere  with  the  in¬ 
terpretation  and  generalization  of  results  of 
binaural  experiments  on  listeners  with  hearing 
impairments.  Most  of  these  factors  were  raised 
by  Durlach  ct  al  (1981)  or  became  apparent 
from  their  review.  Firs!,  unless  the  etiologies 
of  the  impairments  arc  known  and  specified, 
the  subject  groups  contain  relatively  heteroge¬ 
neous  types  of  losses,  and  characterr<ation  of 
the  consequences  of  the  impairments  is  more 
difficult.  That  is,  some  of  the  large  variability 
in  results  may  simply  be  related  to  the  diver¬ 
sity  of  the  subjects’  auditory  problems.  Sec¬ 
ond,  and  even  more  significant,  the  degree  of 
loss  fj  often  unreported  and  probably  contrib¬ 
utes  to  greater  variability.  For  example,  Haus- 
Icr  el  al  (1983)  claim  that  subjects  with  con¬ 
ductive  losses  show  significant  differences  in 
intcraural  time  discrimination  tests  according 
to  the  size  of  thcirdiearing  losses,  showing 
normal  performance  for  losses  less  than  25  dB 
HL  and  significantly  abnormal  performance 
(much  worse  than  subjects  with  sensorineural 
losses)  for  losses  greater  than  35  dB  HL  A 
,third  issue,  which  was  discussed  at  some- 
length  by  Durlach  ct  al(1981),  is  the  lack  of 
consideration  of  the  effective  interaural  rela¬ 
tions  In  the  impaired  auditory  systems.  They 
note  the-  fact  that  many  data  from  normal  lis¬ 
teners  show  a  decrement  in  performance 
when  the  cars  arc  imbalanced  in  level  and  sug¬ 
gest  that  one  component  of  any  abnormalities 
in  binaural  performance  could  be  due  to  an  ef¬ 
fective  shift  in  the  intcraural  differences  in  the 
stimulus.  Reports  available  at  that  time  on  the 
effects  of  intcraurally  balancing  level  were 
mLxcd,  some  studies  reporting  a  big  influence 
and  some  almost  no  effect  Fourth,  there  were 
few- studies  that  tested  several  binaural  abili¬ 
ties  on  each  subject.  Without  such  studies, 
performance  across  experiments  could  not  be 


compared  and  the  ability  to  predict  perfor¬ 
mance  in  some  experiments  efrom  perfor¬ 
mance  iefa  subset  of  experiments  could  not 
be  investigated.  Fifth,  there  was  a  lack  of  so¬ 
phistication  about  psychophysical  methods, 
particularly  in  separating  sensitivity  from  bias 
in  the  measurements  (eg.,  in  the  many  angle 
identification  tests).  Sixth,  there  were  few 
comparisons  across  stimulus  bandwidth  or 
stimulus  type  for  a  given  test,  so  that  it  was 
difficult  to  determine  whether  the  conflict 
noted  above,  between  interaural  time  discrim¬ 
ination  for  wide  band  and  narrow-band  stimuli 
by  subjects  with  cochlear  losses,  was  a  conflict 
between  bandwidth  effects  or  stimulus  effects 
(random  noise  versus  deterministic  tone)  rod 
speech  versus  tones  in  other  studies.  Finally,  a 
general  concern  is  that  the' normal  compari¬ 
son' subjects  are  often  chosen  from  easily 
available  college  students,  so  that  the  subject 
groups  arc  often  disparate  in  ways  unrelated 
to  hearing  impairments.  Optimally,  the  control 
subjects  would  be  matched  to  the  population 
of  hearing-impaired.subjects  in  such  factors  as 
age,  motivation,  and  education.  In  the  next 
section,  wc  note  that  many  of  these  issues 
have  been  addressed  in  the  recent  studies  of 
binaural  performance  with  hearing-impaired 
listeners. 

Recent  Binaural  Studies 
of  Hearing-Impaired 
Listeners 

Several  important  trends  separate  recent 
measurements  from  most  of  those  that  were 
included  in  the  review  just  discussed.  These 
include  the  use  of  modem  psychophysical 
procedures  and  the  design  of  experiments  that 
address  some  of  the  problems  ;ust  described. 

« Modern  Psychophysical 
Techniques 

One  important  trend  is  the  use  of  mod¬ 
em,  objective  psychophysical  techniques  with 
well  practiced  hearing  impaired  listeners,  each 
of  whom  is  tested  over  a  long  period.  Such 
studies  reveal  that  hearing-impaired  listeners 
can  provide  precise  and  repeatable  data  in 
binaural  tasks  that  arc  difficult  even  for  nor¬ 
mal-hearing  listeners.  This  trend  was  probably 
begun  when  Hawkins  and  Wightman  (1980) 
studied  interaural  time  discrimination  using  a 
constant-stimulus,  two-alternative,  temporal 
forced  choice  (2ATFC)  procedure.  They 
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tcstal  eight  listeners  with  sensorineural  hear¬ 
ing  loss  and  three  with  normal  hearing. 
Thresholds  were  estimated  by  measuring  psy¬ 
chometric  functions  for  each  condition,  and 
were  estimated  a  number  of  times  at  each 
condition  until  the  data  were  highly  repeat¬ 
able  and  no  large  learning  effects  were  dis¬ 
cernible. 

There  is  also  an  increase  in  the  use  of  so- 
called  “oddity"  procedures  that  appear  to  min¬ 
imize  learning,  manor)-,  and  labeling  effects. 
These  procedures  appear  to  have  advantages 
over  -2ATFC  (sometimes  called  two-interval, 
two-altcnuthe  forced  choice)  in  some  cir¬ 
cumstances.  In  a  2ATFC  experiment,  the  lis¬ 
tener  must  not  only  discriminate  between 
stimuli  but  must  also  recognize  and  indicate 
correal)'  the  order  of  presentation  of  the 
stimuli  This  additional  demand  can  be 
avoided  if  listeners  need  only  indicate  which 
of  several  intervals  (typically  three  or  four) 
contains  the  difference  of  interest.  These  odd¬ 
ity  tasks  are  also  communicated  easily  both  to 
naive  listeners  and  to  listeners  with  hearing 
impairments  whose  auditor)'  perceptions  may 
be  very  different  from  those  of  normal-hearing 
listeners-  It  is  not  unusual  to  begin  testing  by 
proriding  visual  materials  indicating  that  the 
task  is  defined  by  identifying  which  interval 
differs  from  the  others.  Investigators  who  wish 
to  retain  “the  formal  characteristics  of  the 
2ATFC  paradigm  may  wish  to  use  a  2-cuc, 
two-alternative,  temporal  forced-choice  para¬ 
digm  (Bernstein  and  Trahions,  1282).  This 
4-interval  procedure  utilizes  the  first  and 
fourth  intervals  to  present  the  standard  (i 
reference)  stimulus  and  presents  the  differ¬ 
ence  to  be  noted  only  in  either  tlic  second  or 
the  third  interval.  This  procedure  has  tlic  vir¬ 
tue  of  being  both  an  oddity  task  and  mathe¬ 
matically  equivalent  to  the  traditional  2A7FC 
task. 

Recently,  this  procedure  was  used  by 
Smoskl  and  Trahiotis  (1986)  in  a  study  of  in- 
tcraural  temporal  discrimination  in' listeners 
with  normal  hearing,  with  noise-induced  hear¬ 
ing  loss,  or  with  hearing  loss  of  viral  origin.  An 
important  feature  of  this  study  is  the  high  de¬ 
gree  of  consistency  of  outcomes  with  those 
reported  earlier  by.  Hawkins  and  Wightman 
(1980)  in  their  normal  and  cochlcar-loss  sub¬ 
jects,  These  studies,  taken  together,  indicate 
that  data  obtained  from  hearing-impaired  lis¬ 
teners  can  be  highly  reliable  and  repeatable, 
and  that  patterns  of  results  across  frequency 
for  certain  types  of  listeners  can  be  consis¬ 
tently  obtained  in  different  laboratories. 

Because  it  is  often  difficult  or  impractical 
to  test  patients  for  extended  periods,  adaptive 


ps)chophysical  procedures  (Levitt,  1971)  can 
be  of 'great  benefit.  As  documented  recent?}- 
by  Trahiotis  ct  al  (1990),~such  procedures 
have  been  only  recently  and  sparingly  applied 
to  studies  of  binaural  hearing  that  depend  on 
the  subjects*  use  of  tnteraural  disparities ;as 
cues.  This  reluctance  to  use  adaptive  proce¬ 
dures  is  an  outgrowth  of  several  concerns. 
One  concern  is  that  the  listener  may  not  be 
able  to  follow  changes  in  the  available  cue  as 
the  independent  variable  decreases  when 
threshold  is  approached.  For  example,  in  stud¬ 
ies  of  deteaion  utilizing  antiphasic  (NoSpi) 
stimuli,  large  signal-to-noise  ratios  would  fos¬ 
ter  detectability  based  on  relative  power,  or 
energy  (as  in  the  homophasic  [NoSoj  ease). 
Then,  as  the  level  is  decreased  following  the 
listener’s  correct  responses,  the  energy  cue 
becomes  unreliable,  listeners  make  errors,  and 
the  experimental  run  may  terminate  before 
the  listeners  discover  and  use  the  binaural 
cues  that  arc  available.  A  related  but  more 
general  concern  is  that  adaptivc»procedurcs 
may  not  afford  listeners  sufficient  exposure  to 
near-threshold  stimuli,  so  that  they  may  not 
learn  whatever  cues  arc  necessary  to  reveal 
their  best  performance.  This  would  be/ espe¬ 
cially  troublesome  in  some  binaural  experi¬ 
ments  because  good  performance  often  de¬ 
pends  on  the  adequate  use  of  small  changes  in 
the  spatial  position,  size,  and  temporal  aspects 
of  intracranial  images.  Even  naive  normal  hear¬ 
ing  listeners  often  require  thousands  of  trials 
of  practice  in  fixed  conditions  in  order  to 
learn  the  subtle,  but  necessary,  cues  (Trahi¬ 
otis  ct  al  [1990]  offer  a  slight  modification  of 
the  Levitt  (1971)  procedure  that  could  pro¬ 
vide  listeners  with  additional  opportunities  to 
gain  experience  with  whatever  subjective 
cues  are  available  while  leaving  unaltered  the 
statistical  aspects  of  the  paradigm.)  These  con¬ 
cerns  notwithstanding,  adaptive  procedures 
can  be  used  effectively  and  efficiently,  and 
Trahiotis  ct  al  refer  to  several  successful  stud¬ 
ies  of  bimtural  hearing  that  used  adaptive  pro¬ 
cedures.  That  article  also  includes  adaptive 
MLD  data  that,  happily,  indicate  great  stability 
over  sessions  and  are,  in  all  respects,  consis¬ 
tent  with  several  previous  experiments  utiliz¬ 
ing  fixed-increment  procedures.  Adaptive  pro¬ 
cedures  can  also  successfully  be  used  in  some 
experiments  that  require  absolute  or  differen¬ 
tial  discriminations- based  on  intcraural  time, 
interaural  intensity,  or  combinations  of  both 
(Trahiotis  and  Bernstein,  1990).  However, 
adaptive  procedures  should  never  be  used 
when  it  is  known  or  suspected  that  changes  in 
performance  are  not  monotonically  related  to 
changes  in  the  independent  variable.  „ 
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Recent  Empirical  Data 

Hauslcr  ct  al  (1983)  measured  perfor¬ 
mance  on  a  common  population  of  subjects  in 
a  number  of  binaural  tasks.  Specifically,  the)' 
measured  minimum  audible  angles  and  dis¬ 
crimination  of  interaural  time  and  intensity  for 
a  variety  of  subjects,  including  69  with  oto¬ 
logic  or  otoneurologic  disease,  32  with  neuro¬ 
logic  disease  (referred  to  as  haring  central  in¬ 
volvement),  and  39  in  the  normal  control 
group.  Their  angle-discrimination  experiments 
included  horizontal  angle  discrimination  at 
right  reference  angles  and  vertical  angle  dis¬ 
crimination  straight  ahead.  All  the  subjects 
were  tested  with  widc-band  noise,  and  some 
of  them  were  tested  with  other  stimuli.  The 
authors  used  an  experimenter-controlled, 
adaptive,  2AFC  procedure  and  showed  good 
correspondence  between  their  normal  sub¬ 
jects  and  previous  data.  They  characterized 
performance  in  terms  of  three  aspects  of  pro¬ 
cessing  that  could  be  separately  affected  by 
impairments:  interaural  time,  interaural  inten¬ 
sity,  and  spectral  processing.  One  of  the  inter¬ 
esting  empirical  results  is  that  the  good  per¬ 
formance  with  a  wide  band  stimulus  did  pot 
imply  good  performance  with  narrowband 
stimuli.  It  is  possible  that  good  performance 
for  a  restricted  frequency  range  may  be 
enough  to  assure  good  performance  for  wide¬ 
band  stimuli.  Also,  performance  as'  a  function 
of  frequency  with  narrowband  stimuli  was  not 
predictable  from  the  audiometric  data. 

Binaural  masked  detection  performance 
by  listeners  with  impaired  hearing  has  been 
measured  in  a  number  of  recent  studies  (Hall 
and  Fernandes,  1983;  Wilson' et  al,  1985;  Hall 
et  al,  1984;Jcrger  ct  al,  1984;  Hall  and  Harvey, 
1985;  Staffcl  et  al,  1990).  In  general,  these 
studies  have  measured  performance  In  diotic 
situations  (NoSo)  and  in  dichotic  situations  al¬ 
lowing  a  binaural  advantage  (NoSpi),  and  have 
discussed  results  In  terms  of  MLD.  These  stud¬ 
ies  characterize,  for  cochlear-loss  subjects,  the 
dependence  of  the  MLD  on  several  stimulus 
parameters  including  masker  bandwidth,  over¬ 
all  level,  interaural  level  differences,  and  stim¬ 
ulus  frequency.  We  note  that  the  measured 
dependence  on  interaural  level  difference  can¬ 
not  be  separated  from  the  dependence  on 
overall  level  unless  both  parameters  are  var¬ 
ied  Unfortunately,  the  etiologies  of  the  losses 
in  these  subject  populations  cannot  be  charac¬ 
terized  very  precisely,  so  we  do  not  know 
how,  many,  if  any,  of  these  subjects  were  af¬ 
fected  by  acoustic  trauma. 

SmosU  and  Trahiotis  (1986)  provide  in¬ 
teraural  temporal  discrimination  data  for  hear¬ 


ing-impaired  listeners,  allowing  several  issues 
to  be  addressed.  They  made  measurements  at 
equal  sound  lev  els  (SLs)  and  at  equal  sound 
pressure  levels  (SPLs),  as  dr4'  Hawkins  and 
Wightman  ( 1980 y,  they  used  evcral  types  of 
high-frequency  and  low-frequency  signals  (in¬ 
cluding  tones  and  narrow'-band  noise  at  500 
Hz  and  sinusoidally  amplitude-modulated 
(SAM)  tones  and  narrow-band  noise  at  4  kHz); 
and  they  jpccified  the  etiology  of  their  sub¬ 
jects’  losses  (two  diagnosed  as  noise-induced 
and  two  as  being  of  viral  origin).  When  the 
stimuli  were  presented  at  80  dB  SPL  to  each 
ear,  the  hearing-impaired  listeners  had  great 
difficulty  detecting  interaural  delays  with  the 
two  high  frequency  stimuli.  Their  thresholds 
were  typically  from  four  to  six  times  larger 
than  those  of  the  normal-hearing  listeners  and 
were  considerably  larger  than  their  own  low- 
frequency  thresholds.  Interestingly,  one  sub¬ 
ject  whose  hearing  loss  was  “viral"  was  totally 
unable  to  detect  delays  with  the  narrow-band 
noise  stimulus,  but  could  detect  as  little  as 
235  ps  of  interaural  dclay^with  SAM  tones. 
When  the  high-frequency  stimuli  were  pre¬ 
sented  at  25  dB  SL  at  each  car,- that  listener 
discriminated  quite  well  (even  better  than  the 
normal-hearing  listeners)  and  w*as  now'  able  to 
detect  interaural  delays  in  the  narrow  band 
noise.  Another  interesting  result  with  the 
cqual-SL  stimulus  was  found  with  one  of  the 
subjects  vyhosc  loss  was  noisc-induccd.  Tills 
subject,  who  could  detect  delays  of  less  than 
300  ps  with  stimuli  of  equal  SPL,  was  unable 
to  detect  delays  in  either  type  of  high-fre¬ 
quency  stimulus  when  the  signals  were  pre¬ 
sented  at:2S  dB  SL.  Some  of  the  differences  in 
thresholds-  between  the  cqual-SL  and  the 
equal  SPL  conditions  could  be  due  to  changes 
in. overall  level  and  some  may  be  due  to 
changes  in  the  interaural  level  per  sc.  In  fact, 
in  both  cases  in  which  there  was  a  large  effect, 
better  performance  was  obtained  with  the 
stimulus  at  the  higher  overall  level. 

Gabriel  ct  al  (1990)  measured  perfor¬ 
mance^  four  kinds  of  experiments  for  four 
hearing  impaired  subjects.  They  measured  dif¬ 
ferential  discrimination  of  interaural  intensity, 
differential  discrimination  of  interaural  time 
delays,  detection  of  tonal  targets  in  random 
noise,  and  differential  discrimination  of  in- 
tenfaral  correlation.  Importantly,  the  binaural 
abilities  of  each  of  four  patients  w  ere  tested  as 
a  function  of  frequency'  (at  octaves  from  250 
Hz  to  4  kHz)  in  each  of  the  tasks.  Based  on 
data  collected  from  normal  hearing  listeners 
and  from  theoretical  formulations,  three  of  the 
tasks  depend,  at  least  in  part,  on  the  process¬ 
ing  of  interaural  temporal  disparities,  and  per- 
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formance  across  tasks  can  be  compared  for 
consistency'.  One  subject,  diagnosed  as  having 
multiple  sclerosis,  could  not  perform*"  cvhsis- 
tently  in  any  task  (except  forinteraural  inten¬ 
sity  discrimination  at  250  and  500  Hz).  An¬ 
other  subject,  diagnosed  as  having  presbycusis 
(strial  type),  showed  binaural  performance 
only  at  500  Hz  for  all  tasks  (except  forrin- 
teraura!  intensity  discrimination  at  250  Hz). 
Two  subjects  had  losses  diagnosed  as  acoustic 
trauma;  both  had  been  pistol  shooters  and  had 
similar  audiograms.  Both  of  these  subjects  had 
elevated  interaural  intensity  just-noticeable 
differences  (JNDs),-  and  somewhat  elevated 
N0S0  and  NoSpl  detection  thresholds,  even 
though  the  MLDs  were  not  significantly  re¬ 
duced.  One  of  them  had  normal  interaural 
time  JNDs  and  slightly  elevated  interaural  cor¬ 
relation  JNDs.  The  other  had  elevated  interau¬ 
ral  time  JNDs  at  all  frequencies,  with  very 
large  values  at  higli'frequcncics,  and  interaural 
correlation  JNDs  that  were  abnormal  at  low 
frequencies,  approaching  normal  values  at 
high  frequencies.  These  results  are  difficult  to 
interpret  with  available  models  of  binaural 
processing  and  provide  clues  for- improving 
theories  of  binaural  hearing.  In  addition,  the 
data  may  lead  to  the  discovery  of  underlying 
general  factors  or  abilities  that  could  success¬ 
fully  characterize  the  binaural  processing  abil¬ 
ities  of  impaired  listeners. 

Such  complexities  and  difficulties  of  inter¬ 
pretation  should  not,  in  our  opinion,  lead  to 
pessimism  about  the  quality  of  data  collected 
from  hearing-impaired  listeners.  Setting  aside 
the  fact  that  relatively  few  hearing-impaired 
subjects  participate  in  any  typical  experiment, 
one  should  keep  in  mind  that  there  can  be  sig¬ 
nificant  differences  between  normal-hearing 
subjects  in  binaural  performance  (Kochnkc  et 
al,  1986),  and  that  there  arc  low  correlations 
between  apparently  simple,  straightforward 
tests  of  monaural  hearing  in  normal-hearing 
listeners  (Seashore,  1919;  KarJIn,  1942;  Elliott 
et  al,  1966;  Johnson  et  al,  1987). 

Overall,  the  data  from  binaural  tests  of 
subjects  with  noise-induced  losses  are  gener¬ 
ally  consistent  with  a  disturbance  that  is  lim¬ 
ited  to  the  high  frequency  regions  of  the  co¬ 
chlea;  however,  the  data  from  interaural  inten¬ 
sity  discrimination  (which  show  abnormal 
performance  at  all  frequencies)  and  frc.iv  in- 
tefaural  correlation  discrimination  (Which 
show  large  variability  unrelated  to  the  pure- 
tone  audiograms)  arc  not  consistent  with  this 
simple  picture.  Also,  with  ^regard  to  the  detec¬ 
tion  data,  it  is  important  to  consider  the 
threshold  signal-tq  noise  ratios  themselves 
(not  only  the  masking  level  differences).  Re¬ 


call  that  the  subjects  tested  by  Gabriel  ct  al 
(1990)  had  normal  MLDs  but  significantly  ele¬ 
vated  thresholds. 

Another  study  of  the  relationships  be¬ 
tween  performances  in  various  binaural  tests 
is  under  way  in  Gottingen,  although  only  pre¬ 
liminary  results  arc  available  at  this  time 
(Kinkei  et  al,  1988).  This  study  includes  pa¬ 
tients  with  symmetric  and  asymmetric  senso¬ 
rineural  losses.  The  binaural  tests  include 
MLDSf  interaural  time  and  intensity'  discrimi¬ 
nation,  and  measures  of  temporal -aspects  of 
processing  represented  in  values  of  time  con¬ 
stants. 

A  survey  of  binaural  performance  in  im¬ 
paired  listeners  is  under  wav.  at  one  of  our  lab¬ 
oratories  (Koehnke  and  Ccfiburn,  1986,  1987; 
Koehnke  e;  al,  1988,  1989).  This  survey  in¬ 
cludes  a  number  of  binaural  (as  well  as  mon¬ 
aural)  tests  at  500  Hz  and  4  kHz,  including  the 
discrimination  of  interaural  differences  and 
binaural  detection,  and  measures  thc-'Jepcn- 
dencc  of  performance  on  the  interaural  refer¬ 
ence  conditions.  This  allows  us  to  address  the 
question  of  whether  the  effective  interaural 
imbalance  in  impaired  auditory  systems  affects 
binaural  performance.  Results  to  date  indicate 
that  interaural  intensity  and  temporal  differ¬ 
ences  in  the  reference  conditions  have  rela¬ 
tively  small  effects  on  performance,  and  pre¬ 
liminary  conclusions  from  available  data  on 
subjects  with  asymmetric  losses  arc  that  level 
compensation  for  significant  imbalances  docs 
not  improve  performance. 

Several  of  the  studies  described  above  in¬ 
dicate  that  binsural  deficits  can  occur  even 
within  spectral  regions  that  are  considered  au* 
diametrically  normal.  This  intriguing  result 
may  simply  indicate  that  normal  listeners  per¬ 
forming  at  their  very'  best  utilize  a  broadly  dis¬ 
tributed  set  of  nerve  fibers  Relatively  loud 
sounds  almost  certainly  stimulate  thousands  of 
nerv  e  fibers,  many  of  which  reside  in  portions 
of  the  cochlea  basal  to  the  region  most  sensi¬ 
tive  to  the  test  frequency.  In  other  words,  to 
the  degree  that  subjects  normally  use  informa¬ 
tion  in  the  basal  turn  (ic.,  what  Kiang  and 
Moxon  J 1974)  would  call  information  in  the 
tails  of  the  high-frequency  tuning  curves),  one 
would  expect  that  the  loss  of  such  neural  con¬ 
tribution  would  result  in  poorer  processing  of 
binaural  timing  information  in -the  binaural 
task.  This  outcome  has  special  import  for  pa¬ 
tients  with  poise-induced,  high-frequency 
hearing  losses  defined  on  the. basis  of  monau¬ 
ral  audiograms.  These  patients  are  likely  to 
have  clinically  unnoticed  binaural  deficits  at 
low  frequencies. 

Aside  from  the  studies  discussed  above. 
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t5fc  only1  other  studies  (that  wc  are  aware  of) 
that  included  impaired  listeners  were  studies 
of  listeners  with  conductive  losses  (Hall  and 
Derlacki,  1986£MagliuIo  ct  al,  1990)  or  essen¬ 
tially  monaural  studies  in  which  only  one  ear 
was  USable  (Newton,  1983). 

RecentDevelopments 
That  Will  Affect  Future 
Studies 

At  the  same  time^there  have  been  several 
developments  concerning  binaural  processing 
in  normal  hearing  listeners  that  wc  believe 
will  have  important  impact  on  future  studies 
of  hearing-impaired  listeners. 

Technicai'Developments 

Investigators  are  now  able  to  use  inexpen¬ 
sive  computers  to  generate  signals' with  con¬ 
trol  over  virtually  all  aspects  of  binaurally  rel¬ 
evant  information.  For  example,  one  can  ma¬ 
nipulate  separately  and  in  combination  in- 
teraural  delays  of  the  envelope,  the  carrier, 
and  the  phase  modulation  of  complex  wave¬ 
forms  (Amenta  ct  al,  1987).  Such  stimuli 
coultl  be  used  in  detection,  discrimination, 
and  lateralization  studies  in  order  to  assess 
how  well  hearing  Impaired  listeners  utilize  in- 
teraural  infoimation  carried  by  particular  fea¬ 
tures  of  complex  stimuli* 

To  generate  the  waveforms  of  interest, 
one  can  multiply  two  Independent  low-pass 
Gaussian  random  noises  by  quadrature  sinu¬ 
soids  (one  sine  and  one  cosine,  respectively), 
and  add  the  product  waveforms  to  obtain  nar¬ 
row-band  Gaussian  random  noise.  The  enve¬ 
lope  and  phase  modulation  of  the  narrow¬ 
band  waveform  can  be  computed  simply  from 
the  two  low-pass  noises.  Specifically,  If  Nc(t) 
and  N,(t)  are  the  low-pass  noise  waveforms, 
then  the  envelope  A(t)  and  the  phase-modula¬ 
tion  phi(t)  are  given  by 

A(t)  «*  (N?(t)  +  Nj(t>r 

and 

phi(t)  =  arctan  (N,(0  /  N<(0} 

Recently,  Hsuch  and  Hamemik  (1990) 
have  shown  how  one  can  synthesize  random 
noise  waveforms  that  possess  identical  (eg., 
fiat)  power  spectra  and  differ  in  their  temporal 
features.  These  authors  provide  algorithms 
and  suggestions  for  creating  and  manipulating 


phase  spectra  which,  in  combination  with 
equal-amplitude  frequency  components,  pro¬ 
duce  several  classes  of  random  noise  stimuli, 
including  Gaussian  and  non -Gaussian  noises  as 
well  as  purely  impulsive  waveforms.  This  may 
allow  several  new  lines  of  inquiry  to  proceed 
quickly  and  inexpensively. 

Another  type  of  experiment  that  has  be¬ 
come  easy  to  perform  with  digitally  computed 
and  stored  waveforms  is  masked  detection 
with  reproducible  noise  waveforms  (Gilkey  et 
al,  1985;  Siegel  and  Colburn,  1989;  Isabelle 
and  Colburn,  1990)  Studies  of  this  type  allow 
a  “molecular”  analysis,  and  challenge  one  to 
explain  the  dependence  of  performance  on  in¬ 
dividual  waveforms.  Results  of  these  studies 
have  allowed  detailed  evaluations  of  several 
models  of  binaural  processing,  and  may  also 
provide  a  tool  for  the  study  of  processing  by 
hearing -impaired  listeners. 

Empirical  Results  from 
Normal-Hearing  Subjects 

High-Frequency  Lateral  Position 

Several  recent  studies  have  reinforced  the 
finding  that  interaural  time  differences  arc  dis¬ 
criminate  even  for  waveforms  whose  spectral 
content  is  confined  to  high  frequency  regions 
of  the  auditory  system  These  cues  are  con¬ 
veyed  via  the  envelope  of  the  stimulus  and,  ac¬ 
cording  to  the  arguments  of  Colburn  and  Es* 
quissaud  (1976),  such  temporal  information 
could  be  essentially  equivalent  to  that  pro¬ 
vided  at  lower  frequencies  by  the  fine  struc¬ 
ture  of  the  stimulus.  However,  it  now  seems 
clear  that  highly  detectable  interaural  delays 
do  not  foster  appreciable  amounts  of  lateral 
movement  of  high-frequency  signals  (Blauert, 
1983;  Trahlotis  and  Bernstein,  1986),  Tims,  in 
experiments  with  normal  listeners,  there  ap¬ 
pears  to  be  a  divergence  between  outcomes  of 
“lateralization"  experiments  utilizing  discrimi¬ 
nation  paradigms  and  “lateralization"  experi¬ 
ments,  in  which  listeners  indicate  where  they 
hear  acoustic  Images. 

“Where"  listeners  hear  acoustic  images 
may  be  measured  directly  via  a  rating  scale  or 
indirectly  via  an  “acoustic  pointer*  The  latter 
refers  to  a  procedure  by  which  listeners 
match  the  intracranial  position  of  a  standard 
stimulus,  the  "pointer  ”  to  the  intracranial  po¬ 
sition  of  the  stimulus  of  interest.  The  rating 
scale,  although  a  direct  estimate  of  laterality, 
appears  to  provide  estimates  that  vary  consid¬ 
erably  and  that  can  be  context-dependent. 
The  acoustic  pointer  procedure  appears  to 
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provide  rather  precise  and  repeatable  data 
but,  of  course,  only  provides  a  relative  mea¬ 
sure  that  must  be  interpreted  carefully  across 
subjects.  Bernstein  and  TrahiotiS  (1988)  (sec 
also  Trahiotis  and  Stem,  1989)  discuss  how  an 
acoustic  pointer  can  be  "calibrated'*  by  having 
the  subjects  indicate  the  position  of  acoustic 
images  corresponding  to  various  values  of  the 
pointer  on  a  representation  of  a  human  head. 

Discriminabihty  and  identification  of  the 
external  position  of  sources  of  sound  have 
been  studied  with  hearing  impaired  listeners. 
However,  as  pointed  out  by  Durlach  et  al 
(1981),  both  of  these  types  of  studies  measure 
resolution  of  signals  occupying  differing  posi¬ 
tions  in  space  and  did  not  assess  where  the 
signals  were  heard.  Given  the  aforementioned 
ability  to  generate  complex  sounds  and  the 
vast  amounts  of  new  data  on  extent  of  lateral¬ 
ity  of  images  in  normal-hearing  listeners,  the 
time  seems  ripe  for  studies  of  where  sounds 
arc  heard  by  the  hearing-impaired.  In  addition, 
it  will  be  important  and  interesting  to  com¬ 
pare  such  data  with  accurate  measures  of  dis- 
criminability  of  binaural  cues  from  the  same 
subjects. 

In  .  passing,  wc  note  that  the  acoustic 
pointing  task  is  known  to  permit  rapid  data 
collection;  perhaps  adaptive  psychophysical 
procedures  will  also  permit  the  rapid  collec¬ 
tion  of  discrimination  data.  The  efficiency  of 
data  collection  is  an  extremely  important  fac¬ 
tor  for  studies  of  the  hearing-impaired  because 
of  the  difficulties  of  scheduling  adequate  ex¬ 
perimental  time  with  such  patients' 

Spectral  Interactions 

Although  it  seems  that  binaural  fusion  oc¬ 
curs  only  for  corresponding  spectral  regions 
in  each  car,  It  also  appears  to  be  true  that  re¬ 
mote  frequency  components  can  interfere 
with  or  degrade  binaural  performance  when 
the  critical  information  is  contained  only 
within  a  narrow  spectral  portion  of  a  broad¬ 
band  stimulus.  Recently,  Zurek  (1985)  and 
Trahiotis  and  Bernstein  ( 1990),  utilizing  nor¬ 
mal-hearing  listeners,  have  characterized  cir¬ 
cumstances  under  which  such  interference 
does  and  docs  not  occur.  As  discussed  by  Tra¬ 
hiotis  and  Bernstein  (1990),  the  interference 
is  truly  binaural  and  appears  to  require  that 
the  remote  frequency  components  and  the 
target  be  g2ted  simultaneously. 

McFaddcn  and  Passanen  (1976)  were 
probably  the  first  to  show  this  type  of  interfer¬ 
ence  when  they  discovered  that  the  detection 
of  interaural  delays  of  high-frequency  complex 
stimuli  were  degraded  by  the  presence  of  a  di- 


otic,  low-frequency  band  of  noise. -Interest¬ 
ingly,  the  converse  did  not  obtain,  because  the 
presence  of  a  diotic,  high-frequency'  stimulus 
did  not  affect  the  detection  of  interaural  de¬ 
lays  within  a  low-frequency  band  of  noise. 
One  Important  question  concerning  binaural 
information  processing  by  impaired  listeners 
is  the  degree  to  which  relatively  low-fre¬ 
quency  stimuli  can  interfere  with  the  process¬ 
ing  of  higher-frequency  stimuli.  Ironically, 
such  interference,  when  present,  may  be  even 
stronger  In  hearing-impaired  listeners  1  who 
have  normal  or  near-normal  low-frequency 
hearing. 

Another  Interesting  phenomenon  has 
been  reported  by  Yost  ct  al  (1971)  and  Yost 
(1977),  who  found  that  normal-hearing  listen¬ 
ers  detect  the  presence  of  interaural  delays  in 
nominally  high  frequency  waveforms  by  utiliz¬ 
ing  delays  within  low-frequency  information 
produced  by  gating  the  stimuli  on  and  off. 
These  obseivations  and  those  of  Bernstein  and 
Trahiotis  (1982)  illustrate  that  great  caution 
must  be  exercised  when  attempting  to  mea¬ 
sure  binaural  performance  with  high-fre¬ 
quency  stimuli.  Clearly,  normal  listeners  can 
utilize  interaural  disparities  within  low-level, 
low-frequency  spectral  regions  even  when  the 
energy  in  such  regions  is  50  dB  or  more  be¬ 
low  the  nominal  passband  of  the  stimulus! 
This  would  be  particularly  important  to  pre¬ 
clude  when  attempting  to  assess  binaural  ca¬ 
pacities  in  high-frequency  regions  for  listeners 
with  predominantly  high-frequency  hearing 
losses. 

Temporal  Interactions 

Several  other  recent  experiments  con¬ 
cerning  sensitivity  to  interaural  differences 
have  been  conducted.  These  have  focused  on 
the  temporal  relation  between  cither  bursts  of 
noise,  which  are  diotic  save  for  a  short  seg¬ 
ment  containing  the  delay  (which  could  occur 
at  various  times  within  the  burst)  (Zurek, 
1987;  Trahiotis  and  Bernstein,  1990),  or  tran¬ 
sients  (pairs  o»  trains  of  clicks)  (Yost,  1976, 
Haftcr  et  al,  1988;  Blauert  and  Divenyi,  1988). 
All  of  these  studies  illustrate  conditions  under 
which  sensitivity  to  interaural  delay  declines 
following  the  first  portion  of  the  stimulus. 

We  believe  that  these  paradigms  would 
be  fruitful  when  used  with  hearing-impaired 
listeners,  but  suggest  that  interpretation  of  the 
data  may  be  somewhat  difficult.  As  Blauert 
(1983)  has  clearly  discussed,  several  complex 
but  differentiable  phenomena  (eg.,  summing 
localization,  the  law  of  first  wavefront  or  pre¬ 
cedence,  and  echo  suppression)  will  be  fac- 
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tors  in  such  experiments,  and  it  is  not  clear 
how  pathology  will  effect  these  phenomena 
and  their  interactions.  The  interested  reader 
will  profit  from  Blauert’s  recent  discussion 
(Blauert  et  al,  1989)  of  the  repeated  transient 
paradigm  and  its  relation  to  the  precedence 
effect  as  measured  in  the  sound  field 

Theoretical  Results 

In  their  model  for  auditory  localization, 
Searlc  et  al  (1976)  assumed  that  the  standard 
deviation  of  tlTe  internal  noise  increased  lin¬ 
early  with  the  range  of  angles  included  within 
the  stimulus  set.  Although  this  assumption  was 
consistent  with  other  psychophysical  phenom¬ 
ena  (e.g ,  intensity  discrimination  as  modeled 
by  Durlach  and  Braida,  1969)  and  the  result¬ 
ing  model  gave  consistent  predictions  for  re¬ 
sults  from  a  number  of  experiments,  the  as¬ 
sumed  dependence  could  not  be  verified  di¬ 
rectly  because  the  data  available  to  Searlc  ct  al 
were  gathered  from  a  variety  of  laboratories 
using  different  techniques*  The  importance  of 
the  assumption  for  the  design  of  experiments 
and  the  comparison  of  results  across  studies 
led  Kochnke  and  Durlach  (1989)  to  make  di¬ 
rect  measurements  of  this  range  effect  in  the 
identification  of  interaural  time  and  interaural 
amplitude  differences,  Their  results  demon¬ 
strate  the  validity  of  the  assumption  for  In- 
tcraural  differences  and  arc  completely  consis¬ 
tent  with  a  similar  range  effect  in  angle  identi¬ 
fication  In  a  free  sound  field.  This  has  particu¬ 
lar  importance  for  studies  of  hearing-impaired 
listeners  because  studies  of  angle  identifica¬ 
tion  have  been  and  probably  will  remain  a 
good  choice  because  of  the  simplicity  of  the 
experiment  and  the  direct  relation  to  previous 
experiences  of  the  subjects.  Finally,  there  are 
now  available  models  that  specify  and  utilize 
the  shape  and  location  of  assumed  patterns  of 
neural  activity  (e.g.,  Stern  and  Colburn,  1978; 
Blauert  and  Cobben,  1978;  Llndcmann,  1986; 
Stem,  Eeiberg,  and  Trahlotls,  1988).  These 
patterns  are  topographically  organized  along  a 
two-dimensional  surface,  and  they  describe 
the  cross-correlation  function  of  the  stimulus 
as  a  joint  function  of  the  frequency  and  the 
delay  parameter  of  the  cross  correlation  oper¬ 
ation.  In  this  fashion,  lateralization  depends  on 
individual  modes  of  such  patterns  that  are 
weighted  according  to  their  straightness  (de¬ 
scribing  consistency  of  interaural  delay  over 
frequency),  centrality  (the  extent  to  which  in 
teraural  delays -arc  small  in  magnitude),  or 
both.  These  ■  lodels  have  recently  been  ex¬ 
tended  to  address  more  complex  situations, 


including  precedence,  reverberation,  and 
other  dynamically  changing  stimuli 

Effets  du  Bruit  sur 
I’Audition  Binaurale 

La  demiere  decade  avuse  multiplier  les 
etudes  psychophysiques  sur  les  handicap^  au- 
ditifs,  Dans  leur  grande  niajorite,  ceS  etudes 
avaient  comme  objectif  de  reveler  dcs  deficits 
ou  de  decouvrir  des  mecanismes  sous  tendant 
le  traitement  monaural  des  sons.  Un  but  de  cc 
rapport  est  de  passer  cn  revue  les  etudes  rela- 
tivement  peu  nombreuses  qui  ont  porte  ;sur 
1’audition  bmauralc  des  handicapds  audnifs. 
De  plus,  nous  discuterons  de  plusieurs  avan- 
c6cs  rdeentes,  experimental,  th£oriques  et 
pratiques,  qui  &  notre  avis  stimuleront  et  al- 
deront  h  structurer  les  etudes  futures  sur  le 
traitement  binaural  chez  les  deficients  auditifs. 
Actuellcmcnt,  la  discussion  nc  peut  pas  se  foc- 
aliser  cxclusivcment,  ou  memc  principale- 
ment,  sur  !cs  effets  d£I6t6rcs  dcs  sur-stimula 
tions  acoustiques  cn  ellcs-mcmcs.  En  effet,  la 
plupart  des  rapports  publics  ne  donnent  pas 
les  informations  ndcessalrcs  pour  isolation  du 
ou  dcs  factcur(s)  rcspon$ab!e(s)  des  pertes 
auditives  subies  par  les  sujets. 

Malgr6  le  petit  nombre  d’6tudc$  sur 
Paudition  binaurale,  on  peut  identifier 
d’importantcs  tendances  qui  sont  dc  bon  au 
gure  pour  1’avcnir.  L’unc  est  I’usage  dc  tests 
binauraux  multiples,  destines  &  fournlr  des 
donn£es  qui  permettent  de  caractcriser  ct  de¬ 
limiter,  pour  un  sujet  donnd,  la  nature  dcs  def¬ 
icits  sousjacents,  Par  cxcmple,  un  deficit  dans 
le  traitement  de  1'information  tcmporelle  in- 
ter-auralc  est  parfois  me$ur6  (dans  des  regions 
spectrales  restreintes)  avec  plusieurs  para- 
digmes.  discrimination  differentiellc  de  delate 
intcr-auraux,  detection  de  cibles  tonales  dans 
du  bruit  aldatoirc,  discrimination  difi£rcntielle 
dc  correlations  intcr-aurales,  etc.  .  „  .  Une 
autre  tendance  est  1‘usagc  dc  techniques  psy¬ 
chophysiques  modernes  et  objectives  sur  des 
deficients  auditifs  bien  entrain£s  et  test6s 
chacun  sur  une  longue  p£riode,  De  telles 
etudes  revelent  que  les  handicap^  auditiis 
peuvent  foumir  dcs  donn£es  precises  et  re- 
productibles  dans  dcs  taches  binaurales  qui 
sont  difficiles  meme  pour  des  auditeurs  nor- 
maux.  Plusieurs  de  ces  etudes  revelent  que 
des  deficits  binauraux  peuvent  etre  presents 
memc  dans  des  regions  spectrales  qui  seraient 
ordinairement  considerecs  comme  audi- 
ometriquement  normalcy  Ce  resultat  a  une 
portce  particuli^re  pour  les  patients  chez  qui 
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on  diagnostique,  sur  la  base  d’audiogrammes 
monauraux,  des  pertes  auditives  dans  Ics  hau- 
tes  frequences  et  dues  au  bruit.  II  est  possible 
que  ces  patients -aient  pour  les  basses  fre¬ 
quences  des  deficits  binauraux  qul  passent  cli- 
niquement  Inaper^us. 

En  meme  temps,  ont  ete  realtsccs  plu- 
sieurs  avancees  concemant  1c  traitement  bin¬ 
aural  chez  des  auditcurs  normaux  et  nous  pen- 
sons  que  ces  avancees  auront  un  impact  im¬ 
portant  sur  les  etudes  futures  sur  les  handi- 
capes  audaifs.  Les  chercheurs  peuvent 
maintenant  utiliscr  des  ordinateurs  bon 
njarche  pour  gencrer  des  signaux  cor,tr61es  au 
point  de  vue  de  tous  Ics  aspects  pertinents  de 
i’inforniation  binauralc.  Par  excmple,  on  peut 
manipuler  separement  et  stimultanement  les 
delais  intcr-aurSux  de  l’enveloppc,  du  signal 
porteur,  ou  dc  la  modulation  dc  phases 
d'ondes  complexes,  De  plus,  on  pent  exploiter 
les  rcsultats  de  plusieurs  experiences  nouv* 
elles,  entre  autres,  cclles  qul  ont  porte  sur  les 
interferences  d'une  region  speclrale  3  Pautre 
ct  cclles  qul  ont  mc$ur6  Ics  effets  dc  latcralisa- 
tion  produits  par  diverscs  caract&istlques  des 
Stimulus  binauraux.  Enfin,  sont  disponiblcs 
maintenant  des  modules  qul  specifient  et  uti- 
lisent  la  forme  et  la  position  de  cc  que  Ton 
suppose  etre  des  modules  d‘activit6  ncrveusc. 
Ces  modules  s'organisent  topographiquement 
sur  une  surface  i  deux  dimensions  ct  ils  d6- 
crivent  la  fonctlon  de  correlation  croisee  du 
stimulus  comme  une  fonction  conjointc  de  la 
frequence  ct  du  paramirtre  dclal  de  I’opcration 
dc  correlation  croisee,  De  ccttc  manure,  la 
lat^ralisation  depend  de  modes  individuels  de 
tcls  modeles,  modes  pondcrcs  d’aprfcs  leur 
“rectitude”  (cette  rectitude  repr^sentant  le 
degre  dc  fix  it  6  du  delal  inter-aural  quand  la 
frequence  varic)  et/ou  leur  “centrallte” 
(d'autant  plus  grande  que  les  delais  Intcr-au¬ 
raux  sont  petits).  Ces  modeles  ont  recemmcnt 
ct£  elargis  afin  d’etre  applicables  &  dcs-situa- 
tions  plus  complexes,  entre  autres  celles  ou 
Intcrvienncnt  la  reverberation  ct  l’effet 
d'anterionte,  ct  A  d’autres  stimulus  affect  es  de 
changements  dynamiques. 

ACKNOWLEDGMENTS 

Tills  work  was  supported  in  part  by  the 
following  grants  from  the  National  Institutes 
of  Health:  R01  DC00100  and  R01  DC00234, 

References 

Amenta  CA  III,  Trahiotis  Q  Bernstein  LR,  Nuetzel  JM 
Some  physical  and  psychological  effects  produced 
by  selective  delays  of  the  envelope  of  narrow  bands 
of  noise.  Hear  Res  1987;  29  147*161. 


Bernstein  LR.  Trahiotis  C.  Detection  of  mteraural  delay 
in  high  frequency-  noise,  J  Acoust-Soc  Am  1982, 
71*147-152. 

Blaucrt  J,  Cobbcn  W.  Some  considerations  of  btnaunJ 
cross  correlation  analysis.  Acusuca  1978;  5996 

m, 

Blauert J.  Spatial  hearing.  Cambridge,  MA-.  .MIT  Press, 
1983. 

_  Blauert  J,  Divenyi  PL  Spectral  selectivity  in  binaural 
contralateral  inhibition  Acustica  1988,66267-274 

Blauert  J,  Candvet  G,  Voirucr  T»  The  precedence  effect. 
No  evidence  for  an  "active*  release  process  found.  J 
Acoust  Soc  Am  1989;  85  2581-2586. 

Colburn  HS,  Esquissaud  P.  An  auditory-nerve  model  for 
intcraural  time  discrimination  of  high  frequency 
complex  stimuli. J  Acoust  SocAm  1976,  59(Suppl 
1>523.  ' 

Durlach  NI,  Braida  LD,  Intensity  perception.  I.  Prelimi¬ 
nary  theory  of  intensity  resolution.}  Acoust  Soc  Am 
1969, 46372-383- 

Durlach  NI,  Thompson  Cl»  Colburn  US.  Binaural  Inter¬ 
action  in  Impaired  listeners— A  review'  of  past  re¬ 
search.  Audiology  1981:20181-211. 

Elliott  DN,  Riach  WD,  ShcposhJP,  Trahiotis  C  Discnm 
ination  performance  of  high  school  sophomores  on 
a  battery  of  auditory'  tests.  Acta  Otolaryngol  1966, 
Suppl  216.1-59- 

Gabnel  KJ,  Koehnkc  J,  Colburn  HS.  Effects  of  stimulus 
frequency  on  imeraural  discrimination  and  binaural 
detection  In  listeners  with  normal  and  "impaired 
binaural  hearing  J  Acoust  Soc  Am 

Gilkey  RH,  Robinson  DE,  Hanna  TE.  Effects  of  masker 
waveform  and  signal  to-masker  phase  relation  on  di 
otic  and  dichotic  masking  by  reproducible  noise.  J 
Acoust  Soc  Am  1985;  781207-1219. 

Haftcr  ER,  Buell  TN.  Richards  VM,  Onset  coding  in  lat¬ 
eralization,  Its  form,  site,  and  function.  In;  Edelman 
GM,  Gall  WE,  Cowan  WM.  eds.  Auditory  function. 
Ncurobiological  bases  of  hearing.  New  York.  Wiley, 
1988647-67 6. 

Hall  JW,  Dcrlackl  EL  Effect  of  conductive  hearing  loss 
and  middle  car  surgery  on  binaural  hearing.  Ann 
Otol  Rhino!  Laryngol  1986;  95.525-530 

Hall  JW,  Harvey  ADG  Hie  binaural  masking  level  dif¬ 
ference  as  a  function  of  frequency,  masker  level  and 
masking  bandwidth  in  normal  hearing  and  hearing- 
impaired  listeners.  Audiology- 1985;  24  25-31. 

Hall  JW,  Fernandes  MA,  Monaural  and  binaural  inten¬ 
sity  discrimination  in  normal  and  cochlear-impaired 
listeners.  Audiology  1983;  22364-371. 

Hall  JW,  Tyler  RW,  Fernandes  MA.  Factors  influencing 
the  masking  level  difference  in  cochlear  hearing  im¬ 
paired  and  normal  hearing  listeners.  J  Speech  Hear 
Res  1984;  27.145-154. 

Hausler  R,  Colburn  HS,  Marr  £.  Sound  localization  in 
subjects  with  impaired  hearing  Spatial-discrimina¬ 
tion  and  interaural-discrimination  tests,  Ada  Oto¬ 
laryngol  1983;  Suppl  400 1-62. 

Hawkins  DB,  Wightmari  FI*  Intcraural  time  discrimina¬ 
tion  ability  of  listeners  with  sensorineural  hearing 
loss.  Audiology  1980,  19495-507. 

Hsueh  KD,  Hamemik  RP,  A  generalized  approach  to 
random  noise  synthesis  Theory  and  computer  sim¬ 
ulation.  J  Acoust  Soc  Am  1990, 87:1207-1217, 

Isabelle  SK,  Colburn  IIS.  Detection  of  tones  in  repro¬ 
ducible  narrow- band  noise,  J  Acoust  Soc  Am  1991, 
89352-359 

JcrgerJ,  Brown  D,  Smith-  S.  Effect  of  peripheral  hearing 
loss  on  the  masking  level  difference.  Arch  Otolaryn¬ 
gol  1984;  1 10  290  296 


302 


PERFORMANCE  CHANGES 


Johnson  DM.  XCs&oa  CS.  Jcsaca  JSL  1st Svfcfcal  d=3cr- 
coco  o  aadSocy  qabeSao-  L  J  AoxsiSocAa 
1987;8I.427-43& 

Karim  JE  A  factorial  ssxJt  erf  a&cg^faxaca  Rv- 
chomctr&a  1942.7:251-279. 

Ki2ng  NTS.  Moxon  EC  Ta2s  erf  fnntng  ctcro  erf  aotS- 
rocy-nenc  fiber*.  J  Accent  Soc  Am  197-1;  554520- 
630. 

Kiokd  M.  Hdabc  8,  KoCsoer  a  Zusammciiaag  ver- 
schscdaicr  parameter  beaamalcj  bSrcc*  bri 
sehmerbfe^ea.  Forsdar  Akmri  1988;  629632. 

Koehakc  J.  CoQxtm  HSL  Binaural  detection  md  <£*• 
caamaiicw:  Impaired  listener*.  J  AcocM  Soc  Am 
I9S6;79(S!>S22. 

Kochnke  J.  Cotbem  HSL-  The  dependence  cf  bcnaarzl 
detection  sod  mteraural  (facriaaiAo  oa  fcxexaa- 
ral  time  and  in'ensity  in  norm]  and  impaired  tam¬ 
ers.  J  Acoust  SOC  Am  1987;  8!(S1>527. 

Kbeheke  J.  Cottwm  HS,  PuriaCb  XL  Performance  in 
several  btnauraJ^nJeraction  apenocm*.  J  Acoust 
Soc  Am  1986;79:1558-1563. 

Kodtinke  J.  Colburn  HS,  Owxo  GA.  Binaural  detection 
and  discrimination  in  listeners  with  higMrcqocncy 
sensorineural  hearing  losses.  J  Acoust  Soc  Am  1988; 
84(S1)574. 

Kodmkc),  Colburn  HS.  Curios  P,  Owen  GA.  BinasraJ 
performance  in  bcaringimpaircd  listener*  is  ooc 
predictable  from  audiograms.  ASHA  1989;  314>9. 

KoehnkcJ,  Duriaefa  XL  Range  effects  fei  the  identifica¬ 
tion  of  lateral  position.  J  Acoust  Soc  Am  1989; 
86i  176-1273. 

levin  IL  Transformed  up-down  methods  in  psycho- 
acoustics.  J  Acoust  Soc  Am  1971;  49467-477, 

Lindeman  W.  Extension  of  a  binaural  crosscorrdatioa 
model  by  contralateral  inhibition.  L  Simulation  of 
lateralization  for  stationary  signals.  J  Acoust  Soc  Am 
1986;  80T 608-1622. 

Maglralo  G,  Gaglnrdi  M.  Muscatello  M,  Xatalc  A.  Mask¬ 
ing  level  difference  before  and  after  surgery  in  uni¬ 
lateral  otosclerosis.  Br  J  Audio  I  1990;  24  1 17-121 

MeFadden  D,  Pasanen  EG  lateralization  at  high  fre¬ 
quencies  based  on  interaura]  tunc  differences.  J 
Acoust  Soc  Am  1976;  59634-639. 

Newton  VE.  Sound  localisation  in  children  with  a  se¬ 
vere  unilateral  hearing  loss.  Audiology  1983; 
22  189-198. 

Olsen  W,  NoSslngcr  D.  Masking  level  differa  zs  for 
cochlear  and  brain  stem  lesions.  Ann  Otol  Rhino! 
fciyngol  1976;  85.820-826. 

Olsen  WO,  Noffsinger  D,  Cariurt  R.  Masking  level  dif¬ 
ferences  encountered  in  clinical  populations.  Audi¬ 
ology  1976;  15  287-3^i. 

Quaranu  A,  Ccrvellcra  G.  Masking  level  difference  In 
normal  and  pathological  ears.  Audiology  1974. 
13428-01. 


Scaric  CL*  Bead!  ID.  £kms  KF.  Gs&sa  KS.  Moddfcr 
aaSte.  kmfziTsm  J  Access  Soc  Am  19 Tfic 
6ul 164-1 175. 

Seashore  CE.  The  psyctofagy  of  emscol  uka.  New 
Vert  Shtr  Bcrdcc.  1919- 

Scjd  W.  Ct&ra  Hi  Zenmi  pctccvwcy  cf  exes? 
KsxSt  isecrsAenersd  noise  ccSo*  for  diode  aod 
<Sdxdc  sskaaB,  J  Access  Soc  Asa  1989: 8&21Z2- 
2128. 

Socuti  Trataoci*  C  Pscrerargioa  erf  fcceraasd 
temporal  dxspzrxx*  by  normal  Leanej  k^ererv  2nd 
b^ccrs  »tb  trgh  (fupcacr.  Ksvycrerd  bcaiag 
(CM.  J  Access  Soc  Asa  1 9S6;  79-15(1-1547. 

Scaffd  JG.  Haa  JW.  Grose  JH.  Pfisbesy  HC  NoSo  ami 
Ncfpi  detection  a*  a  fcxxrioa  erf  masker  haachrxkh 
in  acnmMxansg  2nd  cochScar-tupofred  Escacxx.  J 
Access  Soc  Am  1990;  87J 720-1727 

Seem  RM.  Zdbey  AS,  Trabioci*  C  Lnaakzsija  erf 
complex  bcnaarrl  stimuli;  A  vrcjgxrtHsagr  model 
J  Access  Soc  Am  1988;84:156-165. 

Stem  RM.  Colburn  HS.  Tbcocy  of  bewal  tamaioa 
based  oo  aodrfory-oerrc  dam.  IV.  A  xaodd  fix  «rf> 
jcaive  bteral  positioa.  J  Access  Soc  Am  1978; 
64:127-140. 

Trahiotis  C  Stem  RM.  lauraHzatioaerfbaadsof  noise: 
Ericas  of  handwfcfrh  2nd  tfcrierences  of  mteraural 
time  and  phase.  J  Access  Soc  Am  1989;  86:1285- 
1293- 

Trahioex*  C  Bernstein  LR.  Lateralization  of  bands  of 
noise  and  sinusoidally  amplitude-modulated  tones: 
Ericas  of  spectral  locus  and  bandwiddi.  J  Access 
Soc  Am  1986;79:1950-1957. 

Trahioes  C  Bernstein  LR.  Dacctabdit}-  of  mtcraural 
ddij-s  over  sekrt  speoral  regions:  Effects  of  Sank 
mg  noise.  J  Acoust  Soc  Am  1990:87810-813. 

Trahiotis  C,  Bernstein  LR.  Boell  TN,  Spdaoc  2.  On  the 
use  of  adaptive  procedures  in  bmaural  experiment*. 
Jf  Acoust  Soc  Am  1990;87:1359-1361. 

Wilson  RJi.  GvitdJo  BA.  Mirgohs  R1L  Inriuencc  of  in- 
teraural  Jcvd  differences  on  the  speech  recognition 
masking  Icvd  difference  Audiology  1985;  24:15-24. 

Yost  WA,  Wrghtman  FI*  Green  DM.  Lateralization  of  fil¬ 
tered  dido.  J  Acoust  Soc  Am  1971;50:1526-1530 

Yost  WA.  lateralization  of  repeated  filtered  transients.  J 
Aoouss  Soc  Am  1976;  60:178-181. 

Yost  WA.  Lateralization  of  pubed  sinusoids  based  on  in¬ 
tern:  ral  onset,  ongoing,  and  offset  temporal  differ¬ 
ences.  J  Acoust  Soc  Am  1977;  61  190-194. 

Zurck  P.M  Spectral  dominance  in  sensitivity  to  interau- 
ral  delay  for  broadband  stimuli.  J  Acoust  Soc  Am 
!985-78(SuppJ  1>SI& 

Zurck  PM.  The  precedence  effect.  In.  Yost  WA.  Gcure- 
vitch  G,  cds.  Directional  hearing  New  York: 
Spnnger-Veriag.  1987^5-106. 


CHAPTER  27 


Cognitive  Factors  and  Selection 
of  Auditory  Listening  Bonds 

ERVDtf  R.  HAFTER 
ROBERT  5.  SG1LAUCH 


Basic  to  all  work  tlm  addresses  bearing  im¬ 
pairment,  including  the  evaluation  of  loss,  the 
development  of  theory,  the  fitting  of  prosthc- 
ses,  and  the  training  of  new  listening  habits,  is 
an  understanding  of  the  factors  that  affect  the 
accuracy  of  perception.  When  psychoacousti¬ 
cians  think  of  measurement,  it  is  generally  in  a 
framework  of  the  rigorous  methods  oi  tradi¬ 
tional  psychophysics.  Thar  is  not  unreasonable 
for  the  narrowly  defined  problems  found  in 
the  research  lab  where,  for  example,  such 
measures  as  the  detectability  of  single  tones  in 
noise  hate  been  used  to  describe  filtering 
properties  of- the  cochlea.  However,  in  the 
world  of  everyday  listening,  the  variety  o£  pos¬ 
sible  signals  is  almost  boundless  and  compet¬ 
ing  sounds  or  maskers  can  interfere  with  de¬ 
tection  in  many  complex  ways.  In  these  cases, 
detection  may  well  be  affected  by  factors 
other  than  the  basic  sensory  abilities  of  the  lis¬ 
tener,  factors  that  can  be  thought  of  as  cogni¬ 
tive.  Among  these  are  signal  expectations  and 
the  ability  to  concentrate  on  specific  aspects 
of  a  signal,  skills  in  listening  and  language  pro¬ 
cessing,  and  the  integration  of  multidimen¬ 
sional  information  such  as  visual  and  auditory. 
The  present  paper  takes  the  position  that  a 
limitation  c  on  the  auentional  resources  cm- 
plojcd  by  the  listener  can  affect  all  of  these 
abilities  and  soys  that  we  should  be  aware  of 
these  considerations  when  planning  study  of 
or  help  for  the  impaired. 

Criterion  Problem 

One  might  easily  argue  that  the  advent  of 
modern  psychophysics  and  perception  began 
with  the  introduction  of  the  Signal-Detection 
Theory,  often  called  the  Theory  of  Signal  De¬ 


tectability  (TSD)  (Green  and  Swets,  1966). 
The  advantage  of  TSD  is  that  it  gives  the  psy¬ 
chologist  a  tool  for  dealing  with  subjective 
factors  in  detection  by  viewing  the  pcrcciver 
as  a  decision  maker.  The  model  describes  the 
factors  that  affect  performance  with  two  inde¬ 
pendent  indices.  The  index  of  detection,  d\ 
quantifies  the  relation  between  physical  prop¬ 
erties  of  the  stimulus  and  sensory  system  that 
determine  the  sensory  “threshold.’*  The  index 
P  quantifies  the  listener’s  response  criterion  or 
willingness  to  say  “yes"  to  a  particular  stimu¬ 
lus.  p  is  a  function  of  subjective  estimates  of 
the  signal  piobabilities  and  the  costs  and  val¬ 
ues  associated  with  various  response  contin¬ 
gencies.  TSD  assumes  that  d'  is  a  pure  mea¬ 
sure  of  signal  detectability,  leaving  factors  un¬ 
der  control  of  the  listener  to  be  included  in  p. 
However,  in  our  laboratory'  we  have  found 
that  d'  itself  can  be  affected  by  application  of 
psychological  treatments  intended  to  manipu¬ 
late  the  subject’s  attention.  If  this  can  be 
found  in  a  simple  psychoacoustical  experi¬ 
ment,  it  suggests  that  there  might  be  even 
greater  effects  in  more  natural  settings  such  as 
those  faced  by  an  impaired  child  trying  to 
cope  with  a  busy'  classroom. 

Auditory  Attention 

Most  sounds  that  we  encounter  in  every¬ 
day  life  are  complex,  because  they  arc  made 
up  of  multiple  values  along  one  or  more 
acoustic  dimensions;  there  is  good  reason  to 
believe  that  discriminablc  values  along  those 
dimensions  are  represented  by  separate  chan¬ 
nels  within  the  auditory  nervous  system.  We 
commonly  think  of  different  frequencies  stim¬ 
ulating  different  cochlear  fillers  (c.g,f  Green- 
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wxwd,  1961),  although  other  complex  param¬ 
eters  such  2$  amplitude  modulation  (eg, 
Schreiner  and  L’rbos.  19S8)  2nd  bxiermxd  dif¬ 
ference;  (eg,  Tim  2nd  Kuwadi,  1984)  also 
produce  differential  activity  in  separate  neural 
chznncK  Normal  listening  thus  requires  th2t 
the  listener  monitor  and  integrate  multiple 
channels,  9  problem  further  '  complicated  by 
the  need  to  deal  with  auditory  perception  at 
the  same  time  as  demands  from  the  other 
senses  and  from  ongoing  thought  processes.  Ir. 
order  to  understand  the  constrain,  in  such  an 
environment,  psychologists  have  found  it  use¬ 
ful  to  postulate  a  role  for  attention,  seen  as  a 
process  whereby  the  observer  applies  differ¬ 
ential  weights  to  competing  pcrccptual'cogni- 
tivc  tasks  (Dcutch  and  Dcutch,  1963).  In  prac¬ 
tical  terms,  attention  should  allow  the  listener 
to  concentrate  on  channels  earning  more  im¬ 
portant  features  of  the  environment  while  re¬ 
jecting  the  background  or  dutter  iri  others 
(Treisraan,  1969).  As  such,  it  is  akin  to  pro¬ 
cessing  information  through  a  bandpass  filter 
(Broadbent,  1958).  The  notion  of  selective  at¬ 
tention  has  been  applied  at  even'  level  from 
simple  stimulus  segregation  ,  to  higher-order 
activities  such  as  language  perception  and 
comprehension  (Nomun,  1969).  In  this  pa¬ 
per,  however,  we  will  concentrate  on  the  fa¬ 
miliar  auditor)'  dimensions,  frequency,  and 
time.  Also,  we  will  not  speak  separately  of  the 
generalized  attcntional  state  and  the  effects  of 
arousal  (Kahneman,  1973)-  Rather,  we  will  as¬ 
sume  that  all  attention  is  sclcctiyc,  although  at 
times,  the  competition  for  it  is  between  ob¬ 
servable  processes  and  those  that  arc  hidden, 
which  can  only  be  inferred.  We  will  come 
back  to  this  point  later. 

A  response-criterion  view  of  attention 
says  that  quite  different  values  of  0  in  "at¬ 
tended"  and  “unattended"  channels  can  pro¬ 
duce  what  would  seem  like  differential  levels 
of  detection  if  they  were  to  be  considered  in  a 
non-TSD  framework.  This  problem  is  of  little 
concern  in  the  psychoacoustics  laboratory, 
where  the  effects  of  sensitivity  and  response 
bias  can  be  separated,  but  it  may  be  important 
in  the  clinic,  where  more  rigorous  signal  de¬ 
tection  methods  arc  less  accessible  and  where 
classes  of  patients,  such  as  the  elderly,  may 
routinely  adopt  extreme  response  biases 
(Rees  and  Botwinick,  1971;  Potash  and  Jones, 
1977).  The  present  discussion  will  be  directed 
more  toward  the  impact  of  attention  on  de¬ 
tectability,  and  we  will  argue  that  attention 
can,  indeed,  affect  performance,  a  result  with 
practical  implications  for  the  design  of  hearing 
aids. 


Attention  and  Stimulus 
Uncertainty 

fohnemm  (1973)  proposed  the  idea  of 
attention  as  a  kind  of  mental  effort,  both  nec¬ 
essary  for  perceptual  processing  2nd  limited  in 
quantity.  From  this  view.  It  follows  that  when 
information  is  presented  In  multiple  channels, 
the  limited  attcntional  capacity  of  the  ob¬ 
server  may  not  allow'  for  optimal  processing. 
Norman  and  Bobrow  (1975)  further  sug¬ 
gested  that  the  role  of  attention  depends  on 
the  nature  of  the  task,  with  performance  being 
either  “data-Iimitcd,"  that  is,  depending  solely 
on  the  quality*  of  the  data,  eg,  the  signal-to¬ 
rtoise  ratio  (S9C),  or  “resource-limited,"  that  is, 
improvable  by'  dedication  of  a  greater  amount 
of  the  attentional  resource. 

An  often  given  example  of  a  data-limited 
task  is  the  detection  of  a  weak  signal  In  noise 
(Norman  and  Bobrow*,  1975).  The  idea  is  that 
for  situations  in  which  detectability*  is  deter¬ 
mined  by  an  external  noise  filtered  through  a 
fixed  sensory  filter,  the  application  of  extra  at¬ 
tention  to  die  task  does  not  improve  perfor¬ 
mance.  The  belief  that  masking  paradigms  arc 
reasonably  immune  from  effects  of  attention  is 
bolstered  by  the  high  reliability  of  classical 
data.  Indeed,  it  is  the  consistency  of  these  re¬ 
sults  that  has  allowed  theorists  to  attribute  the 
masking  of  tones  in  wideband  noise  to  the 
amount  of  that  noise  falling  within  fixed  audi¬ 
tory'  filters  or  “critical  bands."  However,  we 
have  found  conditions  in  which  the  detectabil¬ 
ity*  (d')  of  a  tonal  signal  in  noise  is  affected  by 
psychological  treatments  designed  to  modify 
attention  (Haftcr  and  Kaplan,  1976).  Listeners 
were  asked  to  detea  a  tone  whose  frequency- 
changed  at  random  on  every  trial,  a  condition 
of  high  uncertainty*.  Under  some  conditions, 
the  frequency  uncertainty*  was  reduced  or 
eliminated  by  a  clearly  audible  tonal  cue  pre¬ 
sented  prior  to  each  trial.  The  payoff  schemes 
employed  to  introduce  attentional  effects 
ranged  from  a  low-risk  condition,  in  which 
subjects  were  paid  an  hourly  wage,  to  a  high- 
risk  condition,  in  which  pay  was  earned  for 
detections  of  signals;  but  a  false  alarm  on  one 
of  a  few*  unmarked  noise  trials  meant  com¬ 
plete  loss.  The  results  showed  that  when  there 
was  no  signal  uncertainty,  payoff  had  little  ef¬ 
fect,  consistent  with  the  idea  of  a  data  limita- 
tion  set  by  the  Stttf  in  the  various  critical 
bands.  In  pay-by-thc-hour  conditions,  fre¬ 
quency  uncertainty  produced  a  rise  in  thresh¬ 
old  of  about  3  dB  relative  to  the  condition  of 
minimum  uncertainty;  this  is  a  common  out- 
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cofuc  (Green,  1961).  The  roost  interesting  re¬ 
sult  appeared  in  the  pajtjffbyninccruin  ry  in¬ 
teraction,  where  the  presumably  greater  atten¬ 
tion  paid  under  high  risk  reduced  by  half  the 
increase  in  threshold  due  to  uncertainty. 

From  the  point  of  view  that  tired  auditory 
filters  determine  detectability,  the  optimal  so¬ 
lution  under  frequency  uncertainty  is  for  the 
listener  to  monitor  all  of  the  potential  filters 
and  2pply  an  appropriate  decision  rule  to  their 
combined  outputs  (Green,  1961).  However, 
Hafter  and  Kaplan  (1976)  suggested  that  the 
bandwidth*  used  under  uncertainty  might  be 
labile.  They  argued  that  only  a  limited  number 
of  auditor}*  bands  could  be  monitored  in  paral¬ 
lel  without  depleting  attcntional  capacity  and 
reducing  the  ability,  to  process  other  ongoing 
cognitive  functions.  Thus,  the  response  to 
high  uncertainty  about  frequency  was  to  di¬ 
minish  the  load  on  attention  by  pooling  the 
outputs  of  neighboring  filters,  even  though  the 
use  of  wider  effect/* e  bands  meant  lower  per¬ 
formance.  From  their  point  of  view,  the  reduc¬ 
tion  of  the  uncertainty  effect  reflected  the  fact 
that  subjects  under  high  risk  chose  to  sacrifice 
other  cognitive  functions  in  order  to  spend 
more  of  a  limited  attcntional  resource  on  pro¬ 
cessing  a  larger  number  of  consequently  nar¬ 
rower  bands.  The  model  is  merely  speculate  c, 
but  the  important  fret  remains  that  increased 
attention  affected  performance  only  under 
high  uncertainty. 

Uncertainty,  Cueing, 
and  Bandwidth 

In  order  to  look  more  closely  at  the  con¬ 
clusions  of  Hafter  and  Kaplan  ( 1976),  we  have 
recently  examined  seicral  conditions  de¬ 
signed  to  obtain  more  accurate  quantification 
of  the  role  of  attention  in  masking  and  to  see  if 
uncertainty  would  lead  to  wider  effective 
bandwidths  (Schlauch  and  Hafter,  1988).  We 
looked  cnly  at  frequency  uncertainty,  al¬ 
though  it  seems  likely  that  similar  constraints 
might  apply  if  other  features  of  the  signal  sucli 
as  envelope  timing  or  spatial  location  were 
studied. 

In  these  tasks,  the  frequency  of  a  brief 
tonal  signal  was  varied  from  trial  to  trial  over  a 
range  of  about  3  octaves.  In  most  cases,  each 
forced-choice  trial  was  preceded  by  a  cue 
picked  to  inform  the  listener  about  the  signal. 
The  exception  was  the  condition  of  maximum 
uncertainty,  which  had  no  cues.  In  the  condi¬ 
tion  chosen  to  represent  no  uncertainty,  the 
cues  were  suprathrcshold  versions  of  the  sig¬ 


nals;  because  these  were  images  of  the  signal 
In  the  domain  of  uncenainty,  we  call  them 
"iconicT  cues.  With  a  fixed  stimulus  level  (dif¬ 
ferent  for  each  frequency)  we  obtained  65 
percent  correct  performance  under  maximum 
uncertainty  and  90  percent  correct  perfor¬ 
mance  with  iconic  cues.  If  converted  to 
thresholds,  this  represents  a  loss  due  to  uncer¬ 
tainty  of  about  5  dB. 

To  study  the  bandwidths  actually  used  un¬ 
der  uncertainty,  one  must  satisfy-  two  con¬ 
straints:  (I)  it  is  necessary  to  specify-  explicitly 
the  number  of  channels  or  bands  to  be  moni¬ 
tored;  and  (2)  the  bandwidths  must  be  mea¬ 
sured  directly.  Traditionally,  the  first  problem 
has  been  solved  either  by  restricting  the  num¬ 
ber  of  possible  signals  to  a  small  number 
whose  frequencies  are  taught  through  repeti¬ 
tion,  or  by  allowing  the  signal  to  have  many- 
possible  values  and  inferring  the  number  from 
assumptions  based  on  TSD  (Green,  1961).  A 
problem  with  the  former  is  that  there  is  no 
way  to  quantify  the  amount  of  experienced- 
based  cueing  over  the  course  of  an  experi¬ 
ment,  while  the  latter  requires  assumptions 
about  bandwidth,  which  is  the  factor  being 
studied.  Our  solution  was  to  restrict  the  num¬ 
ber  of  signal  possibilities  but  to  vary  the  actual 
bands  to  be  monitored  from  trial  to  trial  De¬ 
pending  on  the  condition  being  tested,  each 
cue  consisted  of  either  one,  two,  or  four  ran¬ 
domly  chosen  frequencies,  only  one  of  which 
matched  the  frequency  of  the  signaL  Thus, 
conditions  had  an  uncertainty  of  "P,  “2'.  or 
M.” 


For  direct  measurement  of  the  band- 
widths,  we  used  a  modified  version  of  the 
probe-frequency  measure  of  Greenberg  and 
Larkin  (1968).  They  told  subjects  to  listen  for 
a  specific  target  frequency  that  was  presented 
on  most  trials  and  then,  on  occasional  probe 
trials,  changed  the  signal  to  a  frequency  that 
differed  from  the  target  by  one  of  several  fixed 
amounts.  They  assumed  that  subjects  listened 
for  signals  through  a  single  auditory  filter  at 
the  frequency  of  the  target  and  responded  to 
probes  only  to  the  extent  that  the  probe  fell 
within  the  skins  of  the  monitored  filter.  Scharf 
ct  al  (1987)  have  since  shown  that  the  basic 
results  do  not  change  if  the  subject  is  told  in 
advance  about  the  probes.  In  order  to  be  able 
to  change  the  target  frequency  on  every  trial, 
we  modified  the  way  in  which  probes  were 
selected,  setting  them  to  fixed  frequency- 
ratios  relative  to  the  targets  rather  than  fixed 
frequency-distances.  Then,  based  on  the  as¬ 
sumption  that  the  bandwidths  of  the  auditory- 
filters  arc  a  fixed  proportion  of  their  center 
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figure  27-1  A,  Percent  correct  perfor¬ 
mance  In*  one  subject,  obtained  with  the 
modified  probc-Mgnal  methods  The  lo  d 
of  frequency  uncertainty  (I,  2,  or  4)  was 
determined  by  cues.  B,  Psychometric 
functions  for  target  (correctly  cued)  sig¬ 
nals  in  each  condition  of  uncertainty  as 
well  the  condition  of  complete  uncer¬ 
tainty  (no  cues)  from  the  same  subject  as 
in  A 


1  Cue  2  Cues  4  Cues 


Figure  27-2  Conversions  of  percent 
correct  to  decibels  using  results  of  the 
kind  illustrated  in  Figure  27*1.  All 
points  arc  normalized  to  performance 
with  the  target  frequencies.  The  data 
arc  averages  across  three  subjects.  The 
curves  arc  fits  from  the  Patterson  ct  al 
(1982)  model  of  auditor)’  filters. 

0.9  1.0  1.1  0.9  1.0  1.1  0.9  1.0  1.1 
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Frequency  Ratio 

frequencies  (Moore  and  Glasbcrg,  1983),  we 
collapsed  data  across  the  entire  range  of  un¬ 
certainty,  averaging  the  responses  over  all 
probes  with  the  same  ratio.  Probes  were 
used  whether  the  targets  were  marked  ex¬ 
actly,  as  in  the  1-cue  conditions,  or  marked 
with  uncertainty,  as  with  the  2«  or  4-tonc 
cues. 

An  example  of  data  from  one  subject  in 
Schlauch  and  llafter  ( 1988)  is  shown  in  figure 
27*14.  Note  that  best  performance  for  all 
three  conditions  of  uncertainly  (1,  2,  or 
cues)  was  obtained  when  the  cue  matched  the 
signal  precisely  (probe/target  =  1.0),  with 
performance  falling  off  to  chance  as  the  match 
became  worse.  Clearly,  the  listener  used  spe¬ 
cific  filters,  even  when  required  to  monitor 
multiple  bands.  Because  filters  are  not  mca 
sured  in  units  of  percent  correct,  we  followed 


the  lead  of  Greenberg  (1969)  and  obtained 
psychometric  functions  for  the  target  frequen¬ 
cies  in  the  three  conditions  of  uncertainty. 
These  functions,  shown  in  Figure  27-18,  were 
used  to  convert  the  data  from  Figure  27-1 A  to 
decibels.  Data  so  converted  and  normalized  to 
performance  with  the  target  arc  shown  in  Fig¬ 
ure  27*2.  In  this  ease,  the  figure  shows  aver¬ 
aged  results  from  three  subjects.  The  solid 
lines  represent  a  fit  tp  the  points  using  the 
rounded  exponential  model  of  the  auditory 
filter  proposed  by  Patterson  et  al.  ( 1982).  Two 
things  arc  clear.  First,  the  bandwidth  of  the  fit 
to  the  1-cuc  condition  agrees  well  with  an  av¬ 
erage  of  Moore  and  Glasbcrg’s  (1983)  data 
across  this  frequency  range,  showing  that  the 
measurement  of  bandwidths  with  trial-by-trial 
varying  signals  was  successful.  Second,  as  pre¬ 
dicted  by  Hafter  and  Kaplan  (1976),  the  filters 
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grew  wider  in  response  to  uncertainty,  with 
the  bandwidth  for  4-frcquency  uncertainty  be¬ 
ing  19  percent  wider  than  that  with  none,  an 
effect  of  about  .75  dB. 

At  What  Level  of 
Processing  is  Attention 
Selected? 

When  thinking  about  how  results  of  this 
kind  might  relate  to  realistic  problems  fzeed 
by  the  hearing  impaired,  it  is  important  to 
know  how  cueing  works.  How  docs  the  lis¬ 
tener  select  the  appropriate  band  or  bands  to 
be  monitored;  what  kinds  of  cues  exist  in  ev¬ 
eryday  listening;  can  listeners  be1  trained  to 
use  cues  for  more  accurate  listening?  Without 
going  into  detail,  we  will  present  further  tests 
of  cued  detection  that  address  these  questions 
(Haftcr  and  Schlauch,  1989),  including  results 
that  show  that  cues  need  not  be- a  replica  of 
the  signal  to  successfully  direct  attention.  This 
raises  interesting  questions  about  higher-or¬ 
der,  more  cognitive  direction  of  auditory  at¬ 
tention.  Collaborators  in  this  work  have  been 
Joyce  Tang  and  Lync  Plamondon. 

Relative  Auditory  Cues 

First,  in  a  study,  designed  to  see  if  cueing 
could  be  invoked  with  other  than  an  icon  of 
the  signal,  we  presented  relative  cues  that  dif¬ 
fered  from  the  targets  to  be  detected  by  a 
fixed  (and  familiar)  ratio,  the  musical  5th. 
Again,  probe  frequencies  were  used  to- esti¬ 
mate  bandwidihs  Not  suiprisingly,  there  wits 
a  strong  learning  effect,  with  initial  band- 
widths  at  the  5th  being  wider  than-  those 
found  with  iconic  cues.  However,  perfor¬ 
mance  improved  to  the  point  of  being  nearly 
as  good  with  the  relative  cues  as  with  the 
iconic  cues.  This  showed  that  stimulation  of 
the  filter  to  be  monitored  was  not  necessary. 

In  a  second  experiment  with  non  iconic 
cues,  listeners  were  asked  to  use  matching 
pitches  as  cues  to  the  appropriate  filters  Cues 
consisted  of  harmonic  scries  without  the  fun¬ 
damental,  while  the  signal  to  be  detected  was 
the  missing  fundamental.  To  discourage  rela¬ 
tive  cueing  by  the  nearest  harmonic,  the  series 
were  varied  at  random,  with  half  containing 
harmonic  numbers  2  through  6  and  half,  num¬ 
bers  3  through  7.  Performance  with  these 
pitch  cues  was  reduced  by  10  percent  relative 
to  that  with  iconic  cues,  which  is  still,  consid¬ 
erably  better  than  with  no  cue  at  all:  Thus,  a 


shared  fundamental  pitch  was  able  to  guide 
the  listener's  attention  to  the  appropriate 
channel,  albeit  with  some  loss. 

Visual  Cues 

Finally,  we  cmplojed  visual  cues  to  direct 
attention  to  the  appropriate  listening  bands. 
Subjects  w  ere  all  chosen  on  the  basis  of  pos¬ 
sessing  absolute  pitch,  and  the  idea  was  to  di¬ 
rect  them  to  the  appropriate  filters  to  be  mon¬ 
itored  by  way  of  auditor)'  memory.  The  set  of 
signals  consisted  of  sinusoids  spaced  at  semi¬ 
tone  intervals  ranging  from  220  Hz  to  1760 
Hz.  Cueing  was  done  via  a  visual  display  that 
told  what  the  signal  would  be  either  by 
printed  text,  e.g,  “Middle  D# or  by  musical 
notation.  In  the  latter  case,  subj'ccts  detected 
tones  as  well  with  the  visual  cues  as  with  the 
iconic  cues.  Thus,  higher-order  processes  used 
visual  information  to  focus  auditor)'  attention. 

Attention  and  Speech 

It  is  interesting  to  consider  some  plausi¬ 
ble  application*  of  these  studies  of  uncertainty 
and  attention  to  understanding  and  dealing 
with  problems  of  speech  in  noise.  We  will  dis¬ 
cuss  two  such  examples.  One  concerns  the 
use  of  place  of  articulation  cues  for  selection 
of  auditor)'  filters.  The  second  discusses  how 
one  should  test  computerized  signal  process¬ 
ing  techniques  designed  to  improve  speech  in¬ 
telligibility. 

Normalization  of  Vowel 
Space  with  Auditory  and 
Visual  Cues 

Idiosyncratic  differences  in  phoneme  pro¬ 
duction  arise  from  differences  in  dialect  and 
differences  in  vocal-tract  size.  Thus,  the  for¬ 
mant  frequencies  for  the  vowei  /a/  of  an  adult 
male  from  San  Francisco  may  differ  consider¬ 
ably  from  those  of  a  child  from  London 
Speaker  normalization  refers  to  the  listener's 
correction  for  these  differences.  Simple 
schemes  bas/il  on  ratios  or  absolute  values  of 
formant  frequencies  have  been  shown  to  jeave 
considerable  overlap  among  phonemes. 

The  point  vowels  (/i/,  /a/,  /u/)  represent¬ 
ing  extreme  positions  in  articulation  carry  in¬ 
formation  about  the  yocal  tract  of  a  talker, 
Joos  ( 1948)  argued  that  listeners  extract  the 
point  vowels  from  a  sample  of  speech  in  order 
to  define  a  talker’s  vowel  space  and  then  use 
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this  kind  of  normalization  to  help  with  predic¬ 
tion  and  analysis  of  the  intermediate  vowels. 
Ina  sense,  one  can  argue  that  the  listener,  so 
defined,  is  using  relative  cues  to  establish  a 
scheme  for  detection.  In  support  of  Joos*  no¬ 
tion  is  a  report  from  Ladefoged  and  Broadbent 
(1959),  who  found  that  identification  of  a 
vowel  depended  on  both  its  formant  frequen¬ 
cies  and  the  formant  frequencies  in'  other 
vowels  pronounced  by  that  same  speaker. 

It- is  well  known  that  visual  information 
can  make  substantial  contributions  to  speech 
recognition,  particularly  in  hearing-impaired 
listeners  or  in  noisy  backgrounds.  For  exam¬ 
ple,  Sumby  and  Pollack  (1954)  found  that  ob; 
serving  the  face  of  a  talker  in  w|iitc  noise  was 
equivalent  to  increasing  S/N  by  15  dB.  We 
would  like  to  propose  an  extension  of  Jobs’ 
(1948)  hypothesis  that  states  that  listeners 
may  use  visual  as  well  as  auditory  cues  to  de¬ 
fine  a  speaker’s  vocal  tract  Although  studies  of 
phoneme  perception  in  the  quiet  have  led 
Massaro  (1987)  to  conclude  that  auditory'  and 
visual  information  in  speech  are  processed  In¬ 
dependently,  our  studies  of  tone  detection  in 
noise  demonstrate  that  under  some  condi¬ 
tions,  visual  cues  can  direct  attention  to  the 
appropriate  auditory'  filters.  Hence,  it  Is  an  un¬ 
settled  issue  whether  visual  cues  can  aid  in 
normalization  of  vowel  space  and  thus  im¬ 
prove  the  auditory  processing  of  speech. 

We  plan  to  examine  the  hypothesis  that 
visual  cues  can  direct  auditory  attention  by 
measuring  the  masking  patterns  for  vowels 
presented  with  and  without  visual  cues  and 
with  special  attention  paid  to  performance 
with  new  talkers.  For  conditions  of  low  uncer¬ 
tainty  such  as  with  normal  listeners  In  favor¬ 
able  S/N  ratios,  the  practical  influence  of  the 
visual  cues  should  be  minimal.  However,  in 
hearing  impairment  and  in  noisy  backgrounds, 
the  visually  obtained  knowledge  about  the  lo¬ 
cations  of  formant  peaks  may  make  a  substan¬ 
tial  contribution  to  discrimination. 

Appropriate  Testing  of 
Signal-Processing  Hearing 
Aids 

It  seems  certain  that  the  next  generation 
of  hearing  aids  will  contain  computers  that  al¬ 
low  for  advanced  signal  processing,  just  as 
simply  compression  aids  have  already  moved 
toward  amelioration  of  recruitment  (Moore 
and  Glasberg,  1988)  The  primary  obstacle 
still  faced  by  the  impaired  listeners  is  that  of 
communication  in  a  noisy  environment,  and 
solving  that  problem  will  be  the  goal  of  a  ma¬ 


jority  of  the  effort  spent  on  signal  processing. 
Solutions  proposed  to  improve  the  spccch-to- 
noisc  ratio  range  from  programs '  that  use 
specch-Iikc  features  to  identify  and  enhance 
the  “signal"  to  programs  that  mimic  features  of 
binaural  hearing,  using  combinations  of  the  in¬ 
puts  from  multiple  acoustic  arrays  to  cancel 
the  masker.  Interestingly,  the  reports  from 
comparative  tests  of  such  schemes  are  often 
mixed,  with  subjects^  preferring  one  ‘device 
over  another  because  the  processed  speech 
sounds  •‘clearer”  or  “easier  to  listen  to,”  but 
the  speech  recognition  performance  (SRP) 
showing  no  difference.  Obviously,  this  is  dis¬ 
appointing,  implying  that  the  signal  processing 
has  not  fulfilled  the  primary  goal  of  improving 
communication.  A  common  interpretation  of 
this  result  is  that  in  enhancing  some  aspects  of 
the  speech  signal,  the  processing  destroys  oth 
ers. 

We  will  consider  a  different  interpretation 
‘of  Uie  contradiction  implied  by  “sounds  bet¬ 
ter”  with  no  improvement  in  SRP.  The  idea  is 
that  selective  attention  interacts  with  the  use 
of  aided  speech  in  such  a  way  that  the  results 
described  above  may  reflect  properties  of  the 
jesting  situation  more  than  of  the  device  itself. 
Imagine  tests  of  a  hypothetical  speech-pro¬ 
cessing  machine  that  we  will  call  the  “LAP” 
computer  to  indicate  that  it  works  “like  a  per¬ 
son.”  The  machine  understands  vowels  and 
formant  frequencies  and  has  clever  algorithms 
that  allow  it  to  track  sets  of  harmonics  while 
cancelling  -  the  background  (a  similar  tech¬ 
nique  has  been  tested  by  Levitt,  1989.)  Fur¬ 
ther  suppose  that  the  LAP  fails  in  the  ways  de¬ 
scribed  above,  creating  better  sounding 
speech  without  improving  reception.  In  con¬ 
sidering  these  results,  first  note  that  a  mechan¬ 
ical  speech  processor  is  an  add-on  device,  in¬ 
tended  to  help  "the  brain  turn  auditory  infor¬ 
mation  into  a  representation  of  speech.  Be¬ 
cause  the  LAP  algorithm  was  built  to  be 
redundant  with  processes  that  the  listener  can 
do  himself,  one  might  argue  that  it  provides 
no  new  information.  This  would  explain  why 
there  is  no  improvement  in  the  SRP  but  not 
why  the  listeners  prefer  the  processed  speech. 
Here  we  recall  a  statement  made  earlier  about 
hidden  but  active  demands  on  attention.  Sup¬ 
pose  that  .doing  the  same  thing  as  the  LAP 
computer  places  high  demands  on  attentional 
resources  of  the  listener.  Kahneman  (1973) 
has  shown  that  paying  attention  is  work,  re¬ 
quiring  mental  effort  that  must  come  from  a 
limited  store.  In  the  typical  laboratory  setting, 
where  unwanted  stimulation  is  specifically  re¬ 
duced,  there  are  few*  extraneous  demands  on 
attention.  There,  subjects  prefer  the  com- 
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putcr-processcd  speech  because  it  demands 
less  attention  and  thus  makes  processing  eas¬ 
ier.  But,  because  the  device  docs  nothing  that 
they  could  not  do  on  their  own  by  supplying 
full  attention,  it  docs  not  improve  perfor¬ 
mance. 

Thctkey  words  here  are  “laboratory  set¬ 
ting.”  Suppose  instead  that  testing  had' taken 
place  in  a  high-demand  environment  such  as 
noisy  classroom  where  hearing-impaired  chil¬ 
dren  must  attend  to  both  the  auditory-and  vi¬ 
sual  portions  of  a  film  or  a  university  lecture 
where  a  student  tries  to  proccss  speech  and  si¬ 
multaneously  iunderstand  its  content.  In  natu¬ 
ral  settings  where  attention  is  resource-lim¬ 
ited,  the  information  supplied  /by*  the  £\P 
computer  may  no  longer  be  redundant  with 
processes  that  the  listener  can  do  for  himself 
and  the  device  may  be  of  great  value.  Because 
these  are  the  very  conditions  where  aided 
speech  processing  is  most  needed,  we  believe 
that  signal  processing  schemes  designed  for 
hearing  aids  should  always  be  tested  or  com¬ 
pared  in  situations  where  there  arc  high  levels 
of  competition  for  attention.  Only  then  can 
one  hope  to  discover  the  true  value  of  these 
algorithm^. 

Conclusion 

Under  conditions  of  stimulus  uncertainty, 
selective  attention  can  be  directed  to  specific 
stimulus  features,  thus  affecting  the  detectabil¬ 
ity  of  signals  in  noise.  Knowledge  of  the  role 
of  auditory  and  visual  cueing  may  enhance  our 
understanding  of  the  problems  faced  by  im¬ 
paired  listeners  confronted  with  speech  in 
noise.  Finally,  the  proper  evaluation  of  speech- 
processing  computers  designed  for  hearing- 
impaired  persons  requires  testing  in  situations 
where  demands  on  the  attcntion3l  capacity  of 
the  listener  are  high. 

Facteurs  Cognitifs  et 
Selection  Auditive  de 
Bandes  de  Frequence 

Unc  comprehension  complete  dcs  effets 
dcs  deficits  audittfs  sur  Ficoutc  quotldlcnnc 
necessite  une  connaissance  du  rfilc  de 
I'attention  selective  et  d'autres  facteurs  cogni¬ 
tifs  dans  la  perception  des  signaux  complexes. 
La  Thictie  de  ia  Detection  du  Signal  a  modifii 
notre  conceptualisation  de  ia  detection  en  dis- 
tinguant  nettement  entire  elements  du  stimu¬ 
lus  qui  dfterminent  ia  detectabilite  et  les  fac¬ 


tors  de  reponse  qui  cffcctcnt  les  decisions. 
Des  functions  HOC  (Receiver  Operating  Char¬ 
acteristics)  furent  etablies'  pour  montrer  que 
la  detectabilite  peut  rester  constante  alors 
meme  que  Tauditcur  ideal”  repond  de  faqons 
tris  diverscs  scion  ies  probability  a  priori 
d  apparition  du  signal  et  ies  couts  retards  des 
omissions  ct  fausses  alertes;  ces  observations 
ont  largement  convaincu  qu'd  cst  une  mesurc 
stable  de  ia  detectabilite  ct  que'lcs  facteurs 
subjcctifs  affectent  seulement  ies  entires  de 
ri-por.se.  Dans  ie  present  rapport,  nous  pro. 
posons  que  des  processus  d’or'dre  supcricur, 
plus  cognitifs,  peuyent  alterer  Ia  detection 
elie  mcme.  Ceci  es't  speciaiement  important 
pour  ce  qui  conceme  les  sons  complexes  et 
pent  affecter  nos  methodes  devaluation  des 
donnecs  dans  less  laboratoires  oh  s’elabpre  la 
thcorie  de  l'audition,  en  Clinique  ou  d  s'agit  de 
determiner  Ies  deficits,  et  dans'  la  misc  au 
point  de  prothescs  ct  de  programmes 
d  entrainement  pour  la  recuperation  de  ca¬ 
pacity  auditives  Nous  meltons  Faecent  ici  sur 
ia  determination  attentionnclle  des  posilions 
et  les  iargeurs  des  bandes  frequcnticlics 
d'ecoutc.  Ce  faisant,  nous  distinguons  Ies  (li¬ 
tres  auditifs  fixes  qui  ryuitent  de  la  physiolo¬ 
gic  cochlfialre  et  des  bandes  d'ecoutc  plus  la- 
biles  qui  peuvent  varier  avec  i'incenitude  fre- 
quentlcilc  et  d'autres  sollicitations  de 
i'attention. 

L'hypothtec  de  I'cxistencc  de  filtres  vari¬ 
ables  cst  fitayfie  par  des  experiences  de  mas¬ 
que  dans  Icsquelles  le  sujet  a  une  incertitude 
sur  les  frequences  du  signal  ou  du  masqueur. 
Nous  avons  utilise  dcs  indices  variy  pour  le¬ 
ver  I'incenitude,  entre  autres  des  sons  com¬ 
plexes  de  nterne  hauteur  tonale  que  Ic  signal 
ct  dcs  indices  visucls  destiny  4  iniiucnccr  la 
selection  de  la  bandc  d'ecoutc  en  actlvant  ia 
mfmoirc  auditive.  Une  siluation  dans  laquellc 
i'attention  selective  pent  foucr  un  role  majeur 
cst  la  mise  4  l’cpreuvc  et  l'usage  subsequent 
dc  prothiscs  auditives  destinies  it  amillorer  la 
perception  de  ia  parole  dans  le  bruit.  Souvent, 
lorsque  diverscs  protheses  sont  comparecs, 
ieurs  capacity  4  augmemer  l'intelligibilite 
s'avirent  cgales  ou  presqu'igaly  alors  que  les 
sujets  font  itat  dc  grandcs  differences  dans  la 
clarti  subjective  dc  la  parole.  Nous  pensons 
que  pour  dire  valide,  la  procedure  de  test  doit 
inciure  des  conditions  dans  lesquelles  le  sujet 
est  en  situation  de  compitillon  attentionnelle, 
si  tel  n’est  pas  le  cas,  I'audlteur  peut  simple- 
mem  falre  1c  travail  dc  la  proihise  4  trade- 
ment  du  signal,  rendant  ainsi  I’mstrument  su¬ 
perflu.  Le  test  doit  igaiement  se  fane  dans  des 
environnements  plus  naturels,  tels  que  ceux 
auquels  est  confronti  I'cnfant  dans  une  salle 
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dc  classe  active, ■  e’est  dans  de  teis  environne- 
fhehts  c^ue  les  beneficesyde  la  prothese.peu- 
vcnt,etre  manifestes. 
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CHAPTER  28 


Damage  Risk  for  Low-Frequency 
Impulse  Noise:  The  Spectral  Factor 
in  Noise-Induced  Hearing  Loss 


GUIDO  F.  SMOORENBURG 

Ten  years  ago  I  presented  a  paper  on  die 
damage-risk  criterion  for  Impulse  noise  at  a 
meeting  in  this  series  of  symposia  (Smooren- 
burg,  1980,  1982),  After  this  presentation, 
Henning  von  Gierke  stated  that  impulse- noise 
standards  were  being  established  primarily  on 
the  basis  of  the  effects  of  small-caliber  rifle 
noise  whereas,  at  that  time,  most  of  the  armies 
of  the  world  were  having  problems  in  defining 
the  hazards  associated  with  artillery  noise  ex¬ 
posure,  He  continued  that  there  was  reason  to 
believe  that  the  effect  of  exposure  to  artillery 
noise  presented  a  different  type  of  hazard,  and 
subsequently  he  asked  whether  or  not  my 
damage-risk  criterion  could  be  applied  to  artil¬ 
lery  noise.  At  that  time  1  had  to  agree  with  von 
Gierke  that  this  was  a  serious  point.  My  pro¬ 
posal  for  an  impulse-noise  criterion,  based  on 
virtually  all  data  available  at  that  time,  did  not 
include  the  effects  of  large-caliber  weapons. 
Those  data  were  scarce. 

In  principle,  the  proposed  damage-risk 
criterion  for  impulse  noise  could  have  been 
applied  to  large-caliber  weapons.  It  presented 
the  maximum  peak  pressure  level  that  was 
permitted  In  view  of  a  certain  accepted,  small 
risk  of  hearing  loss  as  a  function  of  the  total 
duration  of  the  impulses.  The  total  duration 
was  defined  as  the  product  of  the  duration  of  a 
single  Impulse,  the  D  duration,  and  the  total 
number  of  impulses,  N,  contained  in  the  noise 
exposure.  Exposures  to  artillery  noise  with 
D-durations  in  the  range  of  2  to  12  ms  and  N 
in  the  range  of  1  to  10,  or  at  most  100,  fell 
well  within  the  range  of  total  durations  cov¬ 
ered  by  the  damage-risk  criterion.  However, 
the  range  of  total  durations  required  to  ana¬ 
lyze  the  trade-off  between  peak  pressure  level 
and  total  duration  given  in  the  damage-risk 


criterion  was  obtained  by  combining  data  sets 
from  (1)  small-caliber  weapons  with  D-dura- 
tion  of  about  1  ms  and  N  in  the  range  of  1  to 
100,  (2)  small-caliber  weapons  fired  in  rever¬ 
berant  environments  increasing  the  D-dura- 
tion  to  70  ms,  and  (3)  industrial  impact  noises 
\yith  D-durations  in  the  range  of  25  to  85  ms 
and  N  exceeding  1,000.  The  spectral  energy 
distributions  of  these  noises  were  similar. 
A-wcighting  of  the  noise  spectra  would  have 
lowered  the  sound  pressure  lev-ls  of  the  light- 
caliber  weapons  by  1  to  4  dB  and  those  of  the 
industrial  impact  noises  by  about  the  same 
amounts.  The  energy  spectra  of  the  impulses 
from  largc-caliber  weapons,  however,  arc 
characterized  by  predominantly  low-fre¬ 
quency  energy.  A-wcighting  would  have  had  a 
greater  effect  on  these  impulses.  Because 
there  were  insufficient  data  on  the  effect  of 
impulses  from  these  large  caliber  weapons  on 
hearing,  and  because  the  spectral  differences 
between  the  noises  included  in  my  1980  pa¬ 
per  were  small.  It  was,  at  that  lime,  impossible 
to  evaluate  the  spectral  factor.  I  had  to  agree 
with  von  Gierke  that  this  question  deserved 
more  study. 

The  need  to  extend  the  area  of  impulse 
noise  research  had  already  been  recognized 
before  the  1980  meeting.  It  was  therefore  de 
cided  to  establish  an  international  Research 
Study  Group*  on  the  effects; of  impulse  noise 
within  the  framework  of  the  NATO  Defense 


•Research  Study  Group  6  on  The  Effects  of  Impulse 
Noise  (NATO  AC2i3-Tanel  8)  consisted  of  the  follow 
mg  members.  IlM.  Borchgrevlnk,  H.  Brinirtunn,  A 
Dancer,  Mil  Forrest,  S.E.  Forshaw,  A,  Papavasihou,  J  H 
Patterson,  F.  Pfandcr,  Y.Y.  Phillips,  G  R,  Pnce,  and  G  F. 
Smoorenburg  (chairman). 
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Research  Group  (AC/243,  Panel  8/RSG  6).  The 
first  meeting  of  this  research  study  group  was 
held  in  1980.  As  a  result  of  the  cooperation 
within  this  research  study  group,  the  question 
of  the  role  of  low-frequency  energy  in  impulse 
noise  trauma  can  now  be  answered  in  more 
detail.  This  chapter  primarily  addresses  this 
question  Although  the  analysis  presented  in 
this  chapter  has  benefitted  substantially  from 
the  cooperation  within  the  research  study 
group,  I  should  emphasize  that  it  is  solely  my 
responsibility.  The  conclusions  of  the  research 
study  group  were  published  in  a  NATO  report 
( 1987),  which  is  not  classified. 

Spectral  Factor  in 
Permanent  Noise-Induced 
Hearing  Loss  Due  to 
Industrial  Noise 

To  solve  the  question  of  the  spectral 
weighting  function  needed  to  predict  noise-in¬ 
duced  hearing  loss,  it  is  expedient  to  first  con¬ 
sider  the  dose-effect  relations  for  industrial 
noise.  Data  for  industrial  noise  arc  less  scarce 
than  those  for  impulse  noise;  moreover,  they 
Include  permanent,  or  persistent,  threshold 
shifts  (PTSs)  in  relation  to  the  noise  exposure, 
whereas  the  data  for  Impulse  noise  arc  almost 
completely  restricted  to  temporary  threshold 
shifts  (TTSs)  (Smoorenburg,  1982). 

The  most  influential  paper  of  the  last  dec¬ 
ade  on  the  spectral  factor  in  PTS  due  to  indus¬ 
trial  noise  was  published  by  Robinson  (1983). 
It  presented  a  rcanalysis  of  the  Bums  and  Rob¬ 
inson  database  (1970),  because  the  first  analy¬ 
sis  by  Bums  and  Robinson  had  suggested  that 
B-wcightlng  might  yield  better  predictions. 
The  original  database  was  reduced  to  a  subset 
containing  only  stationary  noise  exposures 
and  sufficient  hearing  loss  to  reveal  significant 
effects  of  spectrum  shape.  The  spectra  were 
divided  into  classes  defined  along  two  dimen¬ 
sions,  chosen  ad  hoc.  The  first  dimension  rep¬ 
resented  spectral  slope;  the  second  repre¬ 
sented  sound  level  in  the  mid-frequency  range 
relative  to  the  levels  in  the  low-  and  high- 
frequency  ranges. 

In  principle,  the  question  of  adequate 
spectral  weighting  will  be  difficult  to  answer 
when  the  shape  of  the  audiogram  is  related  to 
the  spectral  energy  distribution  of  the  noise.  If 
such  a  relation  exists,  the  above  question  can 
not  be  answered  without  answering  the  ques¬ 
tion  of  how  hearing  losi  should  be  weighted 
across  the  audiometric  frequency’  range.  For¬ 
tunately,  the  reanalysis  of  Robinson  showed 


that  there  is  almost  no  effect  of  the  spectral 
distribution  of  the  noise,  classified  as  de¬ 
scribed  above,  on  the  shape  of  the  tone  audio- 
gram.  Hence,  the  effects  of  noises  with  differ¬ 
ent  spectral  distributions  could  be  compared 
directly,  although  the  analysis  could  probably 
be  improved  by  applying  principal  compo¬ 
nents  and  canonic  correlation  analysis  tech¬ 
niques,  instead  of  using  the  ad  hoc  classifica¬ 
tion.  The  results  of  Robinson  strongly  suggest 
that  it  is  virtually  impossible  to  resolve  the  op¬ 
timal  spectral  weighting  function  from  the  in¬ 
dustrial  PTS  data.  The  data  suffered  from  too 
much  scatter.  It  was  even  impossible  to 
choose  among  cither  the  A-,  B-  or  C-weiglit- 
ing,  Because  of  the  lack  of  counter-evidence, 
Robinson  concluded  that  his  study  was  “a  case 
for  retaining  the  A-weighting"  (Robinson, 
1983). 

Spectral  Factor  in 
Temporary  Threshold 
Shift  Due  to  Exposures 
to  Steady-State  Noise 

Because  Robinson’s  study  (1983)  was  in¬ 
conclusive,  wc  now’  turn  to  studies  on  ITS  fol¬ 
lowing  limited  exposures  to  steady-state, 
mainly  narrow-band  noise.  These  studies  arc 
more  powerful  with  respect  to  the  question  of 
the  adequate  weighting  function,  because  the 
spectral  energy  distribution  of  the  noise  can 
be  chosen  as  desired  and  the  exposure  is  well 
under  control.  A  disadvantage  of  TTS  studies 
is,  of  course,  that  tlic  relation  to  PTS  is  a  ques¬ 
tion  In  itself. 

Although  the  majority  of  the  TTS  studies 
were  carried  out  decades  ago  and  a  discussion 
of  those  data  would  be  untimely,  there  is  one 
aspect  of  those  dat3,  relevant  to  the  theme  of 
this  chapter,  that  received  little  attention  and 
should  be  discussed  here.  The  damage-risk 
contours  based  on  TTS  showed  an  increasing 
frequency  dependence  with  decreasing  expo¬ 
sure  duration.  This  dependence  on  duration  is 
best  illustrated  by  considering  the  results  of  a 
compilation  of  TTS  studies  published  by 
Kryter  et  al  (1966),  Figure  28*1  shows  the  re¬ 
sults.  The  curve  for  1.5  minutes  or  less  has 
considerably  steeper  skirts  than  the  one  for 
480  minutes  This  effect  could  be  due  to  the 
shorter  exposure  duration,  which  may  have 
relevance  to  impulse  noise,  but  it  may  also  be 
due  to  the  confounding  variable,  exposure 
leveL  Results  from  Plomp  et  al  (1963),  not  in¬ 
cluded  in  the  Kryter  et  al  analysis,  shed  some 
light  on  this  question.  The  curve  added  in  Fig- 
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Figure  28-1  Darmgcmk  contours  for  steady  state  and  intermittent  noise  at  different  exposure  durations  Itic  ;on 
tours  arc  based  on  human  TIS  data.  Contours  from  Krjtcr  KD,  Ward  DW,  Miller  JD,  Eidredge  DH.  Hazardous  expo 
sure  to  Intermittent  and  steady-state  noise. )  Acoust  Soc  Am  1966. 39.45 1*46-4.  Ihc  broken  line  indicates  a  result  for 
a  3  minute  human  exposure,  but  a  lower  TTS  criterion.  (Adapted  from  Plomp  R,  Gras  ended  DW,  Mlmpen  AM,  Re* 
latlon  of  hearing  loss  to  noise  spectrum,  J  Acoust  Soc  Am  19<>3i  35:123b! 240,) 


urc  28*1  (broken  line)  show's  Plomp  ct  aft  re¬ 
sult  for  a  3-minute  exposure.  The  exposure 
levels  arc  much  lower  because  their  criterion 
was  only  >5  dB  TTS,  rather  than  the  10*  to 
20  dB  figure  used  In  the  Kryter  et  al  study. 
The  comparison  in  Figure  28*1  shows  that  ex* 
posure  level  by  Itself  docs  not  determine  the 
frequency  dependence.  Hence,  exposure  dura¬ 
tion  may  be  the  principle  variable. 

The  skirts  of  the  curve  from  Plomp  ct  al, 
shown  ini  Figure  28-1,  arc  steeper  than  the 
contour  for  3  minutes  from  Kryter  et  al.  This 
difference  probably  originates  with  the  differ¬ 
ence  In  TTS  criterion.  The  curve  of  Plomp  et 
al  was  based  on  5  dB  TTS  at  lialf  an  octave 
above  stimulus  frequency,  whereas  the  con¬ 
tours  of  Kryter  et  al  were  based  on  maximum 
TTS  at  any  frequency  not  exceeding  10  dB  up 
to  1  kHz,  15  dB  at  2  kHz,  and  20  dB  at  3  kHz 
and  above.  Although  it  is  frequently  stated  in 
the  literature  that  maximum  TTS  occurs  at 
half  an  octave  above  the  exposure  frequency, 
this  is  only  valid  for  a  first  approximation.  The 
frequency  difference  tends  to  be  greater  at 
low  stimulus  frequencies  and  somewhat 
smaller  at  high  frequencies  (above  3  kHz), 
Hence,  for  the  low  and  high  stimulus  frequen¬ 
cies,  measurements  at  half  an  octave  above  the 
exposure  frequency  may  underestimate  maxi¬ 


mum  UTS,  This  implies  that  Plomp  et  al  would 
have  found  lower  damage-risk  levels  at  these 
frequencies  and,  consequently,  less-steep 
skirts,  had  they  used  a  criterion  of  5  dB  maxi¬ 
mum  TTS  at  any  frequency.  In  addition,  the 
Kryter  ct  al  study  would  have  given  steeper 
low-frequency  slopes,  had  the  authors  used  a 
constant  value  of  TTS  across  frequency  rather 
than  a  value  increasing  with  frequency.  To¬ 
gether,  these  two  differences  may  explain  the 
differences  in  slope. 

The  dependence  of  the  low  frequency 
skirt  of  the  damage-risk  contours  on  exposure 
duration  can,  at  least  partly,  be  explained  by 
the  effect  of  the  acoustic  middle  ear  reflex. 
The  acoustic  reflex  primarily  attenuates  the 
low-frequency  components,  which  will  result 
in  an  increase  of  the  damage-risk  level  in  this 
frequency  range.  The  reflex  is  quickly  acti¬ 
vated  after  stimulus  onset  (within  about  30 
ms)  and  relaxes  slowly.  Although  some  studies 
showed  that  relaxation  becomes  asymptotic 
after  2  or  3  minutes.  Ward  ( 1962)  has  found 
that  there  is  a  steady  decline  of  reflex  activa¬ 
tion  for  at  least  24  minutes.  This  supports  the 
view  that  the  acoustic  reflex  contributes  to 
the  increase  in  steepness  of  the  low-frequency 
skirts  of  the  damage-risk  contours  in  Figure 
28-1  at  the  shorter  exposure  durations.  The 
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increase  in  steepness  of  the  high-frequency 
shirts  cannot  be  explained  from  the  acoustic 
reflex.  Its  origin  is  unclear. 

Figure  28-1  also  shows  that  the  A-weight- 
ing  corresponds  closely  to  the  damage-risk 
contour  for  the  longer  exposures.  (It  is  almost 
equal  to  the  contour  for  240  minutes.)  The 
universally  accepted  application  of  die 
A-weighting  in  predicting  hearing  loss  due  to 
industrial  noise  stems,  in  feet,  from  this  simi¬ 
larity.  This  application  was  not  trivial.  The 
A-weighting  originated  with  studies  on  equal- 
loudness  contours  as  a  function  of  pure-tone 
frequency  (Fletcher  and  Munson,  1933). 
These  contours  appeared  to-be  level  depen¬ 
dent.  The  results  for  the  low-,  mid-,  and  high- 
level  range  were  stylized  into  die  A-,  B-,  and 
C-weightlng,  respectively.  Thus,  in  contradic¬ 
tion  to  what  one  might  expect,  we  note  that 
the  weighting  pertinent  to  the  low-level  range 
serves  to  assess  high-level  exposures. 

The  similarity  between  die  damage-risk 
contours  originating  with  the  ITS  studies  and 
the  A-weighting  may  point  to  the  physical 
quantity  responsible  for  hearing  damage.  The 
A-weighting  is  the  standardized  curve  closest 
to  the  threshold-of-heating  curve.  T.ie  low-fre¬ 
quency  skirt  of  this" curve  is,  In  feet,  somewhat 
steeper  dian  die  A-weighting  which  means 
that  a  damage-risk  contour  based  on  a  con¬ 
stant  ITS  criterion,  rather  than  the  frequency- 
dependent  criterion  used  by  Kryter  ct  al, 
would  have  been  even  closer  to  the  thrcshold- 
of-hearing  curve.  The  thrcshold-of-hearing 
curve  represents,  as  a  first  approximation,  a 
constant  basilar  membrane  amplitude  at  the 
place  of  resonance  as  a  function  of  frequency. 
The  B-  and  C-wcighdngs  are  flatter,  which  may 
be  a  result  of  signal  processing  by  the  senso¬ 
rineural  system— for  example,  the  result  of 
saturation  effects.  Thus,  risk  of  a  noise  lesion 
(or  rather  TTS)  at  some  place  in  the  cochlea 
may  be  closely  related  to  the  magnitude  of 
stimulus-induced  basilar  membrane  move¬ 
ment,  This  also  holds  for  the  shorter  expo¬ 
sures,  assuming  that  it  is  the  acoustic  middle- 
car  reflex  that  alters  the  frequency  depen¬ 
dence  of  the  damage-risk  contours  (at  least  up 
to  3  kHz).  The  relation  between  risk  of  TTS 
and  basilar  membrane  amplitude  suggests  that 
mechanical  impact  actually  causes  TTS.  Tills 
conclusion,  however,  should  be  drawn  with 
caution  in  view  of  the  finding,  mentioned  ear¬ 
lier,  that  the  site  of  maximum  TTS  does  not 
have  a  fixed  relation  to  exposure  frequency. 
This  discrepancy  requires  further  study. 

Because  the  onset  time  of  activation  of 
the  acoustic  reflex  at  high  intensities  is  about 
30  ms,  the  reflex  will  have  no  protective  func¬ 


tion  with  respect  to  isolated  impulse  sounds 
Hence,  for.  impulse  noise,  applying  a  uniform 
hearing  loss  criterion  across  frequency,  the 
TTS  studies  on  steady-state  noise  suggest  that 
a  frequency  weighting  close  to  the  A-weight- 
ing  will  b'c  appropriate. 

Measurement  of  Impulse 
Noise 

As  mentioned  already  in  the  introduction, 
impulse  noise  is  measured  in  terms  of  the 
peak  level  of  the  impulse,  the  duration  of  a 
single  impulse,  and  the  total  number  of  im¬ 
pulses  contained  in  the  exposure.  The  dam¬ 
age-risk  criteria  published  by  Coles  ct  al 
(1967, 1968),  Pfander  et  al  (1975,  1980),  and 
Smoorenburg  (J980,  1982)  do  not  include  a 
spectral  weighting.  The  peak  level  is  simply 
the  highest  pressure  difference  occurring  at 
any  moment  in  time.  Its  measurement  re¬ 
quires  small  acoustoelcctric  transducers  and 
fast  recording  apparatus  (for  details,  see 
NATO,  1987,  Appendix  lj  Price  and  Wansack, 
1989).  Impulse  duration  is  defined  in  several 
ways.  Lack  of  agreement  on  this  point  arises 
from  lack  of  knowledge  about  the  relative  ad¬ 
equacy  of  these  measures  in  predicting  risk  of 
hearing  damage.  Figure  28-2  depicts  the  differ¬ 
ent  definitions  (taken  from  Smoorenburg, 
1982).  The  definition  of  the  A-duration  (Coles 
ct  al,  1968)  is  based  on  the  waveform  pro¬ 
duced  by  explosive  charges  in  ideal  condi¬ 
tions  without  reflections  (the  Fricdlander 
wave).  In  practice,  the  waveform  frequently 
contains  reflections  suggesting  the  use  of  the 
B-,  C-,  or  D  duration.  The  ^  duration  is  based 
on  an-  idealized,  exponentially  decaying  enve¬ 
lope  of  the  impulse  (Coles  et  al,  1968)  In 
practice,  it  may  often  be  difficult  to  fit  the  re¬ 
corded  impulse  with  this  exponentially  decay¬ 
ing  envelope,  which  means  limited  reliability 
of  reported  B-duratlons,  The  criterion  of  “20 
dB  was  based  on  practical  considerations,  a 
simple  amplitude  criterion  (10  percent  of  the 
peak  level)  at  a  level  above  possible  measure¬ 
ment  noise,  McRobert  and  Ward  ( 1973)  con¬ 
cluded  that  10  dB  of  decay  would  be  a  better 
criterion  than  20  dB,  because  reflections  at  20 
dB  below  peak  level  do  not  contribute  to 
hearing  loss.  The  C-duration  (Pfander  et  al, 
1975)  docs  not  suffer  from  limited  reliability. 
It  is  unequivocally  defined  but  it  does  not  rep¬ 
resent  a  simple  physical  quantity.  The  D-dura- 
tion  suffers  from  the  same  imperfection  origi¬ 
nating  with  the  supposedly  exponentially  de¬ 
caying  envelope  as  the  B  duration.  It  takes 


DAMAGE  EtfX  FOR  lOSr-fitEQCESCY  DOUSE  NOISE. 


317 


Figure  28-2  Some  definiuoos  of  impulse  duration.  A.  A-duration  (i,-!*);  B.  Bdurazioo  •*■  (lyt,);  C  Cdura- 
tioo  ((|'to)  '  (tyljj);  *•  (t^t^  D,  Dduratioa  (From  Sooorcriburg  GF,  Djaugc-nslc  criteu  for  is^ebe 

noise.  In:  Hafixrmk  RP.  Henderson  D,  SaJvi  R'  «K  New  perspectives  on  rose-induced  hamg  loss.  Scar  Yorfc 
Raven  Press*  1982.) 


into  account  the  finding  by  McR.bert  and 
Ward  (I973>  However,  the  basis  of  this  mea¬ 
sure  was  mainly  the  practical  purpose  of  de¬ 
fining  a  measure  as  close  as  possible  to  the 
three  oilier  measures,  which  were  already  in 
use  in  order  to  be  able  to  compile  all  data 
available  on  the  basis  of  a  common  denomina¬ 
tor  with  the  least  amount  of  extrapolation. 

Although  the  physical  measures  used  to 
assess  impulse  noise  exposure  arc  directly  re¬ 
lated  to  typical  aspects  of  the  impulses,  their 
application  is  not  the  result  of  a  thorough 
evaluation  of  all  possible  measures  as  to  their 
accuracy  in  predicting  damage  risk.  Peak  level 
and  impulse  duration  w*crc  chosen  primarily 
because  of  their  face  validity.  When  research 
started  in  this  field,  the  lull  pressure-time  his¬ 
tory  of  the  impulse  was  recorded  simply  be¬ 
cause  there  were  no  fast  sound-level  meters 
on  the  market  that  could  reliably  measure  rel¬ 
evant  aspects  of  the  impulse.  Because  these 
sound  level  meters  have  become  available  and 
special  versions,  if  needed,  can  be  produced 
relatively  easily  using  programmable  memo¬ 
ries,  the  possibility  of  a  method  of  measure¬ 
ment  simpler  than  recording  the  full  pressure- 
time  history  should  be  considered.  This  is 
even  more  compelling  because  the  present 
measures  and  evaluation  schemes  to  assess 
damage  risk  have  some  serious  shortcomings: 

1.  As  mentioned  before,  A-,  B-,  and  D-du- 
ration  arc  based  on  idcalirrd  wave* 


form*  which,  in  practice,  do  not  often 
occur 

Z  In  contradiction  to  all  current  damage- 
risk  criteria,  long  impulse  durations 
found  with  large-caliber  weapons  and 
characterized  by  much  low-frequency 
energy  do  not  lead  to  higher  damage 
risk  than  short-duration  impulses  from 
rifles  at  equal  peak  level  (to  be  dis¬ 
cussed  below) 

3-  It  is  not  *dear  how*  exposures  to  im¬ 
pulses  with  different  peak  levels  should 
be  combined 

4.  Using  peak  level  and  impulse  duration, 
attenuation  of  impulse  noise  by  hear¬ 
ing  protectors  cannot  be  calculated 
from  the  attenuation  figures  commonly 
specified  as  a  function  of  frequency 

5-  Acoustic  measurements  of  impulses, 
using  miniature  microphones  placed  in 
or  near  the  car  canal  under  car  mulls, 
show  long  impulse  durations  due  to 
low-frequency  reverberation,  which 
probably  leads  to  overestimation  of 
damage  risk 

Items  2  and  5  above  suggest  that  the  dam¬ 
age-risk  criterion  should  include  some  low-fre¬ 
quency  attenuation.  The  damagc-nsk  criteria 
published  by  Pfandcr  ct  a]  (1975,  1980) -and 
Smoorenburg  (1980,  1982)  (Fig.  28-3)  sug¬ 
gest  that  damage  risk  can  be  assessed,  to  a  fair 
approximation,  on  the  basis  of  the  total  energy 
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contained  in  the  impulse  exposure.  Applying 
an  energy  measure  would  solve  items  1, 3.  and 
4  above.  Thus,  investigating  the  applicability 
of  a  fr equ ency- weigh t cd  total  energy  measure 
suggests  itself 

Although  the  application  of  2n  energy 
measure  is  also  supported  by  a  number  of 
other  studies  (Roberto  et  al,  1985;  Haraemik 
ct  al  1987;  Laroche  et  al,  1989X  it  is  already 
dear  that  predicting  damage  risk  from  only 
this  measure  would  be  an  oversimplification 
(MeRobert  and  Ward,  1973;  Buelcct  at,  1984, 
Henderson  and  Haraemik,  1986;  Patterson  ct 
al,  1986;  Laroche  and  Hctu,  1990).  From  fig¬ 
ure  28-3  it  is  readily  cleat  that  somewhat 
more  cncrg}*  can  be  tolerated  at  lower  peak 
levels.  Moreoier,  other  variables  not  yet  men¬ 
tioned,  such  as  impulse  rate,  also  affect  dam¬ 
age  risk  Neterlhcless,  the  present  literature 
suggests  that  the  energy  measure  is  the  best 
first -order  descriptor  of  damage  risk  for  im¬ 
pulse  noise.  In  the  remainder  of  this  chapter  I 
shall  focus  on  the  required  frequency  weight¬ 
ing. 

Spectral  Factor  in  Animal 
Exposures  to  Impulse 
Noise 

The  spectral  factor  has  received  little  at¬ 
tention  in  studies  on  impulse  noise,  although 
spectral  effects  were  recognized  early  on.  In 
the  germinal  work  of  Coles  et  al  ( 1967, 1968), 
the  critical  peak  lael  was  asymptotic  to  a 
constant  value  with  increasing  A-duration. 


This  asymptote  was  rdated  to  a  spectral  fac¬ 
tor.  When  A-duration  is  increased  while  peak 
level  is  kept  constant,  all  increase  in  impulse 
energy  is  found  spectrally  in  an  ncreasc  of 
low-frequency  energy;  the  position  of  the 
high-frequency  skirt  (with  the  -3  dB  per  oc¬ 
tave  slope)  is  determined  solely  bv  the  peak 
level  (fig.  28-4).  The  increase  of  low-fre¬ 
quency  energy  was  supposed  to  have  a  minor 
effect  on  damage  risk  Coles  ct  al  restricted 
themselves  to  this  explanation  and  did  not  fur¬ 
ther  investigate  the  spectral  effect  of  impulse 
noise.  Yet,  their  publication  shows  that  it  was 
dear  from  the  very  beginning  of  research  in 
this  field  that  the  spectral  energy  distribution 
plays  a  part  in  damage  risk  for  impulse  noise. 

Price  should  be  credited  for  emphasizing 
the  importance  of  the  spectral  distribution  of 
impulse  noise  for  damage-risk  estimates.  He 
based  his  damage-risk  contour  on  threshold 
shifts  measured  in  the  cat  immediately  after, 
and  3  hours  after,  exposures  to  short  tone  pips 
(Price,  1979).  For  frequencies  up  to  3  kHz  his 
damage-risk  contour  bore  some  resemblance 
to  the  A-w  righting;  above  3  kHz  the  damage- 
nsk  contour  showed  greater  frequency  depen¬ 
dence  (Price,  1981,4983a)  Results  from  a 
similar  experiment  by  Laroche  and  Hctu 
(1990),  employing  human  subjects,  showed  a 
comparable  trend  up  to  3  kHz.  Price  intcr- 
pictcd  his  damage-risk  contour  in  terms  of 
mechanical  stress  at  the  Ie\cl  of  the  basilar 
membrane  in  the  inner  car  (Price,  1979).  Me¬ 
chanical  stress  was  related  to  the  amplitude  of 
basilar  membrane  movements  versus  basilar 
membrane  width.  Because  basilar  membrane 
width  changes  little  with  basilar  membrane  lo- 
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cation,  the  criterion  is  dose  to  the  constant 
basilar-membrane  amplitude  criterion  intro¬ 
duced  earlier  to  describe  the  TTS  results  for 
steady-state  noise.  Thus,  the  damage-risk  con¬ 
tour  proposed  by  Price  must  dosdy  follow 
the  thrcshold-of-hearing  curve. 

In  predicting  damage-risk  as  a  (unction  of 
A-duration,  Price  (I985a4>)  came  to  the  con- 
dusion  that  impulse  noise  from  cannons  with 
greater  A -durations  than  impulses  from  rifles 
would  be  less  hazardous  at  equal  peak  lends. 
In  my  opinion,  this  conclusion,  although  in 
line  with  a  trend  in  experimental  data,  cannot 
be  drawn  from  the  model  proposed  by  Price. 
As  shown  before;  the  spectral  energy  distribu¬ 
tion  of  weapon  noise,  measured  in  V>  octaves, 
has  a  high-frequency  skirt  that  (alls  off  at  a  rate 
of  —3  dB  per  octa\c  (Fig.  28-4  X  The  ordinal 
position  of  this  skirt  depends  on  peak  level 
only.  Doubling  A-duration,  the  peak  in  the  en¬ 
ergy  distribution  shifts  downward  by  one  oc- 
ta\c  while  its  level  increases  by  3  dB,  in  accor¬ 
dance  with  the  -3  dB  per  octave  slope.  Fol¬ 
lowing  Price,  the  damage-risk  Icvci  would  be 
reached  when  the  peak  of  the  spectral  distri¬ 
bution  touches  his  damage-risk  contour.  Be¬ 
cause  his  damage-risk  contour  falls  off  at  a  rate 
Of  about  -6  dB  per  octave,  this  would  indeed 
imply  that  the  level  of  the  impulse  can  be 
raised  when  A-duration  is  increased  (about  3 
dB  doubling  A-duration).  How  ever,  when  the 
peak  of  the  spectral  energy  distribution 
touches  the  damage-risk  contour  at  some  fre¬ 
quency  below  the  minimum  in  this  contour  at 
3  kHz,  the  energy  above  the  peak  will  exceed 
this  contour  (Fig.  28-4).  Hence,  damage  in  the 
region  above  the  peak  in  tire  spectral  energy 
distribution  is  to  be  expected.  For  all  peak  fre¬ 
quencies  below  3  kHz,  Lc.,  A-du  rations  greater 
than  about  0.1  ms,  we  have  to  conclude  that 
damage  risk  will  be  determined  by  the  energy 
in  the  3  kHz  region.  This  energy'  is  directly  re¬ 
lated  to  the  peak  level.  Hence,  this  would 


mean  that  the  peak  level  is -independent  of 
A-duration  for  durations  above  6.1  ms.  This 
view  was  also  given  In  a  more  recent  paper  by 
Price  (1986),  although  in  it  he  did  not  with¬ 
draw  his  former  conclusion  (Price,  1983aJ>). 

In  deriving  the  2bove  conclusion,  I  have 
followed  Price  (1983b,  1986)  in  comparing 
the  spectral  energy  distribution  of  weapon  im¬ 
pulses,  measured  in  octaves,  with  his  dam¬ 
age-risk  contour.  However,  this  comparison  is 
subject  to  criticism  because  the  damage-risk 
contour  was  based  on  the  sound  pressure 
Ic\cl  (SPL)  of  the  tone  pips  rather  than  on 
their  energy'.  The  duration  of  the  tone  pips 
was  inversely  proportional  to  their  frequency. 
For  a  first  approximation  this  would  reflect  the 
weapon  impulses  filtered  by  */>  octaves  (or  by 
the  car).  Consequently,  the  SPL  of  the  filtered 
weapon  impulses,  rather  than  their  energy', 
should  be  compared  to  the  damage-risk  con¬ 
tour.  In  terms  of  SPL,  the  spectral  distribution 
of  weapon  noise,  measured  in  16  octaves,  is 
flat  where  the  energy  distribution  shows  the 
-3  dB  per  octa\c  slope.  Again,  the  3-kHz  min¬ 
imum  in  the  damage-tisk  contour  would  de¬ 
termine  the  critical  level  and,  thus,  the  con¬ 
clusion  that  the  critical  level  is  independent  of 
A-duration  for  durations  above  0.1  ms  remains 
unaltered  when  the  SPL  measure  is  used  in¬ 
stead  of  the  energy  measure. 

The  critical  peak  levels  for  rifles  and  for 
cannons  (howitzers)  were  studied  experimen¬ 
tally  by  Price  in  the  cat.  Threshold  shifts,  aver¬ 
aged  across  2, 4, 8,  and  16  kHz  and  across  the 
two  cars,  were  measured  clcctrophysiologi- 
cally  as  a  (unction  of  peak  level  for  a  nfle  with 
the  A-duration  at  0.3  to  04  ms,  and  for  the 
howitzer  at  2  to  3  ms.  The  results,  found  2 
months  after  exposure,  are  presented  in  Fig¬ 
ure  28-5  (adapted  from  Price,  1983b).  Price 
calculated  the  intercept  of  the  regression  line 
with  the  base  line  of  0  dB  threshold  shift  that 
resulted  in  critical  levels  of  139  dB  for  the  ri- 
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Figure  28-5  Average  temporary  threshold  shift  (ITS) 
across  2. 4. 8.  and  16  kHz  measured  in  the  cat  for  rifle 
and  howitzer.  The  regression  lines  were  presented  by 
Price  for  the  rifle  and  howitzer  separately.  (Adapted 
from  Pnee  GR.  Relative  hazard  of  weapon  impulses.  J 
AcoustSocAm  1983. 73-556-566.) 

He  and  of  150  dB  for  the  howitzer.  However, 
Figure  28-5  shows  a  considerable  variability  in 
threshold  shifts.  The  coefficients  of  correlation 
between  threshold  shift  and  peak  level  for  the 
rifle  and  the  howitzer  were  only  0.3  and  0.2, 
respectively.  This  high  variability  is  an  essen¬ 
tial  aspect  of  noise-induced  threshold  shifts,  in 
particular  for  impulse  noise.  It  means  that  the 
confidence  intervals  of  the  critical  levels  re¬ 
ported  by  Price  arc  very  wide.  Therefore,  the 
difference  in  the  peak  lo  cls  found  for  the  rifle 
and  the  howitzer  should  be  accepted  with 
caution.  Figure  28*5  suggests,  however,  that 
the  howitzer  is  not  likely  to  produce  larger 
threshold  shifts  than  the  rifle  at  the  same  peak 
toe!,  although  the  A-duration  is  almost  10 
times  greater  for  the  howitzer  than  for  the  ri¬ 
fle. 

A  later  study  (Price,  1986)  revealed  a  crit¬ 
ical  peak  tod  of  1-1 7  dB  for  the  howitzer, 
based  on  threshold  shifts  measured  at  the  day 
of  exposure.  The  data  presented  in  this  paper 
did  not  permit  a  direct  determination  of  the 
critical  peak  level  on  the  basis  of  threshold 
shifts  measured  2  months  or  more  after  expo¬ 
sure.  Yet,  the  data  suggest  a  value  between 
1*12  and  147  dB.  Titus,  the  latter  estimates  for 
the  howitzer  are  somewhat  lower  than  the 
first  estimate  of  150  dB,  but  still  higher  than 
the  estimate  of  139  dB  for  the  rifle. 

The  data  published  by  Price  did  not  allow 
for  a  direct  comparison  of  threshold  shifts  in¬ 
duced  by  rifle  and  howitzer  impulses  at  the 
same  peak  level  and  measured  at  least  several 


days  after  exposure:  In  this  respect.  Dancer  ct 
al  (1985)  published  an  interesting  study.  In 
the  guinea  pig,  they  measured  threshold  shifts 
clectrophysiologically  1  week  after  exposure. 
In  one  series  of  their  experiments,  peak  to  e! 
was  maintained  at  a  constant  level  (about  157 
dB)  while  A-duration  was  varied  from  0.05  ms 
to  1.0  ins.  The  results  suggest  that  maximum 
threshold  shift  occurs  at  a  frequency  decreas¬ 
ing  with  increasing  A-duration.  Regrettably, 
thresholds  below  2  kHz  arc' not  available, 
which  means  that  maximum  threshold  shift 
cannot  be  assessed  for  all  A-durations.  The  re¬ 
sults  suggest,  however,  that  maximum  thresh¬ 
old  shift  at  any  frequency  may  be  constant 
across  the  interval  of  A-durations  imestigated 
or  that  it  may  decrease  with  increasing  A-dura¬ 
tion.  A  sinking  result  was  the  effect  of  A-dura- 
tion  on  the  threshold  shifts  in  one  frequency 
region,  for  example,  the  3  kHz  region.  Al¬ 
though  the  impulse  energy  in  this  frequency 
region  did  not  change  with  A-duration,  the 
threshold  shift  decreased  markedly  when 
A-duration  was  increased  up  to  1  ms.  Thus,  an 
increase  of  low-frequency  energy  seems  to 
suppress  the  threshold  shift  induced  by  en¬ 
ergy*  in  a  higher-frequency  region. 

In  conclusion,  the  elcctrophysiologic  ex¬ 
periments  in  animals  ha\c  shown  that  damage 
risk  might  depend  on  stimulus  frequency.  The 
damage-risk  contour  may  closely  follow  the 
threshold-of-hcaring  curve  and  bears  some  re¬ 
semblance  to  the  A-w’cightmg  curve.  The  dam¬ 
age-risk  contour  suggests  that  the  critical  peak 
level  of  impulse  noise  without  reverberations, 
impulses  that  can  be  characterized  by  the 
A-duration,  is  independent  of  A-duration  in  the 
range  of  durations  found  for  weapon  noise. 
This  is  in  contradiction  to  the  energy  concept, 
even  if  A-weighted  energy  is  used  to  predict 
damage  risk.  After  A-weighting,  the  howitzer 
impulse  still  contains  about  5  dB  more  energy 
than  the  rifle  impulse  at  the  same  peak  level. 
The  experimental  data  on  noise  exposures 
suggest  that  impulses  may  become  even  less 
hazardous  when  their  A-duration  is  increased. 
This  suggests  a  nonlinear  interaction  of  the 
low-  and  high-frequency  components  of  im¬ 
pulse  noise  in  producing  threshold  shifts.  Low- 
frequency*  energy  seems  to  suppress  the  effect 
of  high-frequency  energy.  Such  a  suppression 
phenomenon  was  found  in  studies  applying 
low-frequency  biasing  stimuli  The  response  to 
a  probe  tone  in  the  mid-  or  high-frequency 
range  was  suppressed  at  the  moment  that  the 
basilar  membrane  was  deflected  towards  scala 
vestibuli  or  scala  tympani  by  the  low-fre¬ 
quency  bias  signal  of  30  Hz  (Klis  et  al,  1988) 
The  suppression  phenomenon  may  also  be  re- 
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TABLE  23-1  Survey  of  Important  Measures  for  the  12  Weapons 
Included  in  Figure  28-6 

WEAPON 

CHARGE 

PEAK 

LEVEL 

(dB) 

D-DUfi 

(rm) 

SB  258 
EAR  MUFF 

E-A.R. 

EARPLUG 

COMFIT 
EAR  PLUG 

(ms) 

(dB) 

UN 

A 

UN 

A 

UN 

A 

1  LAW  44 

1818 

2 JO 

48 

29 

123 

220 

_ 

_ 

_ 

281  mm 

31 

175 

3.3 

I0S 

(<0) 

(11.3) 

(233) 

— 

— 

— 

— 

81  mm 

6  / 

42 

■ — 

— 

— 

— 

3  MAW  84 

1835 

42 

168 

66 

— 

— 

221 

264 

— 

— 

4  Viper 

183 

42 

84 

(S3) 

— 

— 

(215)  (261) 

— 

— 

•5  105  nxn 

3 

172 

5.2 

312 

45 

— 

— 

242 

280 

191 

221 

6  122  mm 

3 

1765 

42 

210 

46 

— 

— 

228 

265 

178 

205 

7FH  155-1 

7 

173 

122 

50 

80 

— 

— 

21.9 

26.3 

— 

— 

8M  198 

7 

1735 

9.3 

112 

(8.7) 

— 

— 

(225)  (26.4) 

— 

— 

9  155  mm 

3 

173 

8.8 

527 

63 

— 

— 

225 

246 

173 

18.9 

10  FH  70 

71 

178 

96 

115 

(87) 

(102)  (MO)- 

— 

— 

— 

— 

FH  70 

8  f 

96 

II  M  198 

8 

1772 

8.4 

101 

(8.7) 

— 

— 

(225)  (264) 

— 

— 

12  M  198 

8S 

1807 

95 

114 

117 

— 

(225)  (264) 

— 

Numbers  m  parentheses  are  estimates 
♦Cosmocord  ear  muff 


lated  to  middle-ear  nonlinearitics  (price, 
1974). 

Spectral  Factor  in  Human 
Exposures  to  Impulse 
Noise 

The  interaction  of  low-frequency  energy 
and  mid-  or  high  frequency  energy  in  produc¬ 
ing  threshold  shifts  was  found  already  in  the 
early  1970s  in  a  study  on  human  exposures  to 
simulated  air-bag  noise  (Sommer  and  Nixon, 
1973).  The  noise  of  air  bags,  which  arc  used 
to  prevent  car  drivers  from  injuries  in  colli¬ 
sions,  consisted  of  a  low-frequency  pressure 
impulse  and  a  mid-frequency  (0.3  to  3  kHz) 
noise  burst.  After  exposures  to  simulated  air¬ 
bag  noise,' the  noise  burst  alone  appeared  to 
produce  some  TTS,  but  no  TTS  was  found 
when  the  low-frequency  pressure  impulse  was 
added  to  the  noise  burst, 

I  conclude  this  chapter  by  evaluating  hu¬ 
man  exposures  to  large-caliber  weapon  noise. 
This  evaluation  is  based  on  all  data  that  were 
available  •  within  the  Research  Study  Group 
mentioned  earlier.  In  view  of  the  results  from 
animal  experiments,  suggesting  that  damage 
risk  may  be  independent  of  A-duration  or  that 
it  may  even  decrease  with  increasing  A-dura¬ 
tion,  I  follow  a  rather  conservative  approach,  I 
shall  test  whether  inclusion  of  A-wcighting  in 
current  damage-risk  criteria  Improves  the  pre¬ 
diction  of  threshold  shifts,  in  particular  TTS. 


Applying  A-weighting  to  an  energy  measure 
implies  that  energy,  and  consequently  pre¬ 
dicted  damage  risk,  will  increase  with  A-dura¬ 
tion,  but  to  a  smaller  extent  than  without  ap¬ 
plying  the  weighting 

A  survey  of  the  weapons,  charges,  peak 
levels,. D-durations,  and  total  durations  (the 
product  of  the  number  of  impulses  in  the  ex¬ 
posure,  N,  and  D  duration)  used  is  gi\en  in  Ta¬ 
ble  28-1.  Impulse  durations  originally  ex¬ 
pressed  in  B-  or  C-duration  were  converted  to 
D-du ration  in  accordance  with  the  ratios 
B:C:D  =  4:0.5: 1.0.  These  ratios  were  exper¬ 
imentally  verified  for  large-caliber  weapon  im¬ 
pulses. 

Because  all  exposures  well  exceeded  the 
critical  level  for  unprotected  exposure,  all 
subjects  wore  hearing  protectors.  This  means 
that  the  attenuation  of  the  hearing  protectors 
had  to  be  estimated  in  retrospect.  This  was 
done  on  the  basis  of  the  spectral  distribution 
of  the  weapon  impulses  and  current  data  on 
the  frequency-dependent  attenuation  of  the 
hearing  protectors  worn.  In  essence,  the  cal¬ 
culation  scheme  for  rontinuous  noise  was  fol¬ 
lowed,  assuming  no  nonlinear  effects  in  pro¬ 
tector  attenuation  for  high-level  impulse 
noise.  The  reduction  in  total  energy  was  ex¬ 
pressed  as  a  corresponding  reduction  of  the 
peak  level,  keeping  the  duration  constant.  The 
attenuation  data  used  in  this  calculation  were 
so-called  normal  experimenter-fit  values — the 
values  found  when  placement  of  the  car  plug 
or  ear  muff  is  supervised  by  the  experimenter 
It  will  be  dear  that  the  use  of  hearing  protcc- 
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tion  may  have  introduced  a  source  of  error  in 
determining  the  exposure  levels.  In  some  of 
the  experiments  included  in  this  evaluation, 
placement  of  the  hearing  protector  may  have 
been  less  effective  than  the  normal-experi¬ 
menter-^  values  indicate  (see  also  Smoorcn- 
burg  and  MImpen,  1982).  Consequently,  some 
actual  exposure  levels  may  have  been  higher 
than  calculated.  This  would  lead  to  overesti¬ 
mation  of  damage  risk.  This  possible  error, 
however,  could  not  be  precluded.  The  calcu¬ 
lated  attenuation  values,  excluding  and  includ¬ 
ing  A- weighting,  arc  also  in  Table  28*1,  to¬ 
gether  with  the  effect  of  A-wcightlng  on  the 
impulse  itself. 

In  Figure  28-6  the  results  arc  compared  to 
existing  damage-risk  criteria  (CHABA,  1968; 
Coles  et  a!,  1967,  1968;  Pfandcr  ct  al»  1975, 
1980;  Smoorenburg,  1980,  1982),  The  digits 
in  circles  represent  the  exposure  levels  with¬ 
out  hearing  protection.  The  Z-curve  indicates 
the  highest  single  exposure,  with  hearing  pro¬ 
tection,  permitted  in  the  United  States.  The 
data  points  connected  by  solid  lines  to  the  en¬ 
circled  digits  represent  the  exposure  levels 
with  hearing  protection  but  without  A-weight- 
ing.  These  data  points  arc  given  in  terms  of 
the  physical  measures  on  which  the  damage- 
risk  criteria  are  based  and,  thus,  can  be  com¬ 


Figure  28-6  Temporary 
threshold  shift  (TTS/produccd 
by  l2fge<ahber  weapon  Impulses 
as  a  function  of  peak  level  and 
total  impulse  duration  (N 
impulses  times  D-duration). 
Encircled  digits  represent  peak 
loels  without  hearing  protection, 
upper  TTS  symbols,  connected  by 
solid  lines  to  the  encircled  digits, 
represent  unweighted  exposure 
levels  with  hearing  protection, 
lower  TTS  symbols,  connected  by 
broken  lines  to  the  upper  ones, 
represent  exposure  loels  with 
hearing  protection  including 
A-weigh ting.  The  latter  exposure 
levels  are  adjusted  by  +2  5  dB  in 
order  to  take  into  account  the 
effect  of  A  weighting  on  impulse 
noise  from  light  caliber  weapons 
(sec  text).  The  Z-curvc  indicates 
the  highest  single  exposure,  with 
hearing  protection,  permitted  in 
the  United  States  The  TIS  results 
for  weapon  1  arc  given  for 
subjects  wearing  glasses 
(left  hand  set)  and  for  subjects 
without  glasses  (right  hand  set). 
(From  NATO  Document  AC/2 -1 3. 
1987.) 


pared  directly  to  these  criteria.  Too  much  TTS 
(5  percent  of  subjects  selected  for  highest  TTS 
have  more  than  25  dB  at  one  or  more  audio¬ 
metric  frequencies)  is  expected  when  ihe  ex¬ 
posure  level  exceeds  the  critical  level;  some 
TTS  (5  percent  at  more  than  10  dB)  is  ex¬ 
pected  in  a  region  10  to  15  dB  below  the  crit¬ 
ical  level;  and  no  TTS  is  expected  below  this 
region.  The  results  shown  in  Figure  28  6  for 
the  unweighted  levels  of  all  weapons^  except 
number  7,  show  less  TTS  than  expected  from 
the  damage-risk  criteria;  the  result  for  number 
7,  some  TTS,  is  In  line  with  expectation.  Tims, 
by  and  large,  damage  risk  is  overestimated  on 
the  basis  of  damage-risk  criteria  that  perform 
well  for  light-caliber  weapons.  This  suggested 
that  A-weighting  might  improve  *he  predic¬ 
tion.  In  Figure  28-6,  the  A-weighted  exposure 
levels  are  indicated  b/  data  points  connected 
by  broken  lines  to  the  data  points  for  the  un¬ 
weighted  exposure  levels.-' Because  A -weight¬ 
ing  would  also  affect  the  exposure  levels  of 
light-caliber  weapons  (and  the  other  impulses 
used  in  the  derivation  of  Smoorenburg*s  dam¬ 
age-risk  criterion),  the  criterion  itself  had  to 
be  adjusted.  The  adjustment  would  amount  to 
a  downward  shift  of  about  2.5  dB  ( 1  to  4  dB; 
see  introduction).  However,  in  order  to  keep 
Figure  28  6  simple,  we  did  not  add  another 
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criterion  line,  but  adjusted  thc  A- weigh  ted  ex¬ 
posure  Icv:efc  by  *f  2.5  dB  so  that  they  cant  be 
compared  directly  to,  the  damage-risk  crite¬ 
rion  for  unweighted  exposure  levels.  The  re¬ 
sult  shows  that  for  no  weapon  TTS  exceeds 
the  prediction.  The  results  for  weapons  7  and 
10  are  at  the  borderline  of  a  lower  TTS  cate¬ 
gory'.  Wc  may  conclude  that  present  TTS  data 
suggest  that  current  damage-risk  criteria  for 
human  exposure  to  impulse  noise  can  be  im¬ 
proved  by  including  A-weighting.  The  trade¬ 
off  relations  between  peak  level  and  total  im¬ 
pulse  duration  in  the  damage-risk  criteria  by 
Pfander  et  al  (1975,  1980)  and  by  Smooren- 
burg  (1980,  1982)  represent  equal  energy. 
Tims,  these  criteria  suggest  the  application  of 
A-weighted  impulse  energy  to  predict  damage 
risk.  This  method  has  been  chosen  by  the 
French  army  (Dancer,  1982;  DTAT,  1983), 

Conclusion 

Results  of  animal  experiments  suggest 
that  some  frequency-dependent  weighting 
function  should  be  included  in  damage-risk 
criteria  for  impulse  noise.  For  steady-state  and 
intermittent  noise,  A-wcighting  is  used.  Both 
human  TTS  data  for  steady-state  noise  and  ' 
mal  data  for  impulse  noise  suggest  that  the  dam* 
age-risk  contours  should  follow  the  Threshold* 
of-h caring  curve,  which  corresponds  to  a  first 
approximation  with  constant  basilar  membrane 
amplitude.  A-wcighting  constitutes  a  fair  ap¬ 
proximation  of  this  threshold  curve. 

Human  TTS  data  suggest  that  damage  risk 
for  impulse  noise  can  be  predicted  on  the  ba¬ 
sis  of  the  A-weighted  energy  contained  in  the 
impulses.  Animal  experiments  suggest  that 
damage  risk  for  largc-calibcr  weapons  may  still 
be  overrated  after  the  inclusion  of  A-weighting 
in  the  energy  measure.  In  my  opinion,  more 
data  on  human  exposures  arc  required  before 
the  criteria  are  adjusted  further.  For  example, 
damage  risk  cannot  be  based  on  the  peak  level 
alone,  irrespective  of  duration,  as  the  cited  an¬ 
imal  c  experiments  may  suggest.  Duration  is 
certainly  important  in  cases  of  reverberation. 
In  those  cases  an  increase  of  duration  at  the 
same  peak  level  does  not  imply  an  increase  of 
only  low-frequency  energy  but  it  means  both 
more  low*  and  more  high-frequency  energy. 
In  fact,  practice  has  shown  that  light-caliber 
weapon  shooting  in  enclosed  (reverberating) 
shooting  ranges  and  large-caliber  shooting 
from  trenches  may  be  relatively  hazardous. 

The  application  of  A-weighted  energy  in 
the  damage  risk  criterion  is  not  based  on  a 
general  concept,  it  follows  from  an  analysis  of 
TTS  dat3  and  it  is  restricted  to  exposures  that 


result  in  small  TTS.  Only  for  these  exposures, 
the  analysts  shows  that  there  is  a  trading  rela¬ 
tionship  among  peak' level,  impulse  duration, 
and  number  of  impulses  in  the  exposure  that 
corresponds,  within  reasonable  limits,  to  an 
energy  measure.  For.  higher  exposure  levels, 
the  relationship  may  be  quite  different.  TTS  in¬ 
creases  progressively,  once  exposure  level  ex¬ 
ceeds  the  damage  risk  criterion  by  more  than 
5  dB  (Smoorenburg,  1982,  Fig.  3).  This  sug¬ 
gests  that  at  higher  levels  other  mechanisms  of 
injury  may  start  to  play  a  role;  this  may  affect 
the  trading  relationship. 

The  restriction  discussed  above  means 
that  regulatory'  authorities,  accepting  the 
A-weighted  energy  measure,  should 'not  set 
the  permitted  noise  dose  at  a  level  in  accor¬ 
dance  with  the  level  for  steady-state  and  inter¬ 
mittent  noise,  although  the  use  of  the  same 
measure  for  steady-state  noise  may  suggest 
such  action.  My  original  damage-risk  criterion 
for  impulse  noise  at  normal  incidence  corre¬ 
sponds  to  an  equivalent  8  hour  level  of  contin¬ 
uous  noise  at  85  dB.  After  A-weighting  this  be¬ 
comes  about  82.5  dBA,  If  this  level  is  in¬ 
creased  to  90  dBA,  damage  risk  will  be  consid¬ 
erably  higher  than  damage  risk  for  continuous 
noise  at  90  dBA. 

Criteres  d’Exposition  pour 
les  Bruits  Impulsionneis 
Riches  en  Basses 
Frequences 

Actuellement  plusieurs  entires  depo¬ 
sition  aux  bruits  impulsionneis  en  usage  dans 
de  nombreux  pays  sont  bases  sur  1c  signal 
pression- temps  dc  Fimpulsion  acoustique. 
L’apphcation  de  ccs  critlres  n’est  pas  facile, 
car  ellc  ndeessite  un  enregistrement  dc  haute 
qualite  des  paramfctres  dc  Fimpulsion  ct  signt- 
fie  que  l’on  ne  peut  calculer  1’cffet  dc  protect- 
curs  auditifs  &  partir  de  courbes  d’attenuation 
donnccs  g£neralcment  en  fonction  dc  la  fre¬ 
quence.  Par  consequent  un  nouveau  critere 
base  sur  Flncrgie  acoustique  totale  contenue 
dans  l’impulsion  est  propose.  Cependant, 
cette  mesure  est  largcment  derivee  de  don- 
necs  contenues  dans  Ic  signal  pression  temps. 
Cela  signifie  que  cette  mesure  riinclut  pas 
de  ponderation  dependant  de  la  frequence, 
telle  que  la  ponderation  A,  alors  qu’au  con- 
traire  les  expositions  b  un  bruit  continu  ou 
intermittent  sont  evaludes  3  partir  de  F6ner> 
gie  ponderee  A.  L’anaiyse  des  deficits  auditifs 
temporaires  (TTS)  induits  par  des  bruits  im- 
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pulsi'onncls  d'arracs  lourdes  contcnant  beau* 
coup  d'energic  de  basse  frequence,  suggerc 
que  l’energjc  acoustique  ponderce  A  de 
Fimpulsion  peut  etre-un  meillcur.indicateur 
des  pertes  auditives  induites  par  Ics  bruits 
impulsionnels  que  I’cncrgie  non  pond6rcc. 
Cette  conclusion  s’appuie  sur  les  rcsultats 
obtenus  sur  dcs  animaux  soumis  k  des  bruits 
impulsionnels. 

La  prdsente  analyse  cst  basec  sur  dcs  don¬ 
ees  collectees  ct  analysees  par  Ie  groupe  dc 
Recherches  N*  6  dc  l'OTAN  (Panel  8)  charge 
de Tapplication  des  Sciences  Humaines  et  Bio* 
medical cs  k  la  Defense.  La  conclusion  ci-des* 
sus  n’est  cependant  prdscntcc  que  sous,  la 
seule  rcsponsabilitc  de  l’auteur  deTartidc. 
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CHAPTER  29 


Parametric  Relation  Between 


Impulse  Noise 

ZHl'AN  LIANG 


Impulse  noise  from  weapons  is  characterized 
by  an  extraordinarily  high  peak  pressure  that 
can  cause  damage  to  the  auditory’  system.  The 
potential  for  permanent  hearing  loss  limits  an 
investigator’s  ability  to  make  direct  observa* 
ttons  with  human  subjects.  In  the  early  stud* 
ies,  small  arms  were  primarily  used  as  impulse 
sources,  and  temporary  threshold  shift  (TTS) 
was  the  chief  index  for  assessing  hearing  dam¬ 
age.  With  such  constraints,  the  results  of  those 
experiments  led  to  conclusions  .that  were 
probably  on  the  conservative  side  (Xryter  and 
Garinthcr,  1965;  Ward,  1968;  Coles  et  al, 
1968;  Rice  and  Martin,  1973).  With  the  devel¬ 
opment  of  procedures  for  audiometric  mea¬ 
surements  in  different  species  of  animals,  the 
effect  of  weapon  impulse  noise  on  hearing  has 
become  the  subject  of  intensive  study  (Liang 
ct  al,  1983a, b;  Liang,  1987;  Price,  1986;  Hen¬ 
derson  and  Hamernik,  1986;  Patterson  et  al, 
1986;  Hamernik  ct  al,  1987). 

Unlike  the  description  of  steady  noises  in 
which  a  single  parameter,  decibels  (A),  may 
be  sufficient  for  noise  control  practice,  there 
are  a  number  of  Impulse  noise  parameters  that 
must  be  considered,  eg.,  the  peak  pressure, 
the  pulse  duration,  the  waveform,  the  number 
of  impulses,  and  the  repetition  rate.  These  pa¬ 
rameters  also  interact  with  each  other,  there¬ 
fore,  clarification  of  the  parametric  relation 
between  impulse  noise  and  auditory  damage  is 
only  possible  by  the  analysis  of  vast  amounts 
of  experimental  datx  The  results  of  auditory’ 
damage  by  high-level  impulses,  especially  of 
heavy-weapon  origins,  arc  rarely  described  in 
the  literature.  In  this  chapter  1  present  the  re¬ 
sults  of  an  attempt  to  build  such  an  extensive 
database.  Many  of  the  data  are  systematically 
presented  for  the  first  time. 


and  Auditory  Damage 


Methods  in  Brief 

Impulse  Sources 

More  than  20  different  kinds  of  weapons, 
discharged  on  an  open  proving  ground  or  in  a 
fortification,  served  as  the  chief  sources  of  the 
impulse  noises.  The  weapons’  spectrum  cov¬ 
ered  many  representative  arms,  including  the 
heavy  weapons  such  as  the  130-mm  cannon 
and  the  152-mm  gun-howitzer,  and  the  light 
weapons  such  as  the  12.7-mm  machine  gun 
The  sources  also  included  a  trinitrotoluene 
(TNT)  explosion,  which  generated  a  simple 
A-typc  wave,  and  antitank  rockets,  which  gen¬ 
erated  impulse  noise  of  the  B-typc.  For  supple¬ 
mentary  sources,  primers,  firecrackers,  impact 
sound,  and  high-level  speaker-generating 
acoustic  impulses  were  also  used.  The  peak 
pressures  (Lpp)  varied  with  source  and  loca¬ 
tion  and  Included  the  range  150  to  180  dB 

Acoustic  Measurement 

A  specially-designed  piezoelectric  ce¬ 
ramic  microphone  was  used  for  the  high-pres 
sure  impulse  measurements.  The  microphone 
was  coupled  by  a  long  cable  to  a  B&K  preci¬ 
sion  impulse  sound  level  meter  (type  2209). 
The  microphone  was  fixed  at  a  position  corre¬ 
sponding  to  the  location  of  the  animal’s  head 
during  the  exposure.  The  peak  pressure  of  the 
impulse  was  read  from  the  meter  set  at  the  lin¬ 
ear  impulse-hold  mode.  From  the  AC  output 
of  the  sound-level  meter  the  acoustic  signal 
was  sent  to  a  high-quality  recorder  with  a 
looped  tape  to  be  displayed  later  on  a  memory 
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oscilloscope  for  measurement  of  the  pulse  du¬ 
ration  and  for  plotting  of  the  waveform.  Spec¬ 
tral  analysis  was  performed  by  feeding  the  re¬ 
corded  signal  to  a  >/j  octave  real-time  analyzer. 
For  impulse  noise  of  lower  Iw  (less  than  166 
dB),  a  B&K  14-inch  condenser  microphone, 
type  -1138,  was  used  instead  of  the  ceramic 
gauge.  The  diaphragm  of  the  measuring  micro¬ 
phone  was  mounted  for  grazing'incidence  of 
the  impulse. 

Animal  and  Exposure 

More  titan  2,000  guinea  pigs  weighing 
300  to  500  g  with  normal  hearing  were  used. 
The  animals  were  exposed  five  to  a  group.  The 
animals'  heads  were  fixed  to  face  the  source. 
Tile  animals  were  located  at  the  gunner's  posi¬ 
tion  or  at  various  distances  from  the  source 
and  at  about  1.5  m  above  the  ground. 

Audiometric  Measurement 
and  Middle-Ear  Examination 

Audiometry  was  usually  performed  2  days 
after  exposure.  Threshold  of  the  pinna  reflex 
to  a  burst  of  repetitive  clicks  (1,000  per  sec¬ 
ond)  was  measured  first;  then  the  animal  was 
anesthetized  with  nembutal,  and  thresholds  of 
compound  action  potential  (CAP)  aril!  of  pri¬ 
mary  response  (PR)  from  the  auditory, cortex 
to  click  (and,  In  some  experiments,  to  tone 
bursts)  were  determined  and  taken  ay  the 
hearing  thresholds.  The  group-averaged  values 
(of  10  ears)  were  compared  with  the  normal 
control  values,  and  from  the  postexposure 
changes  the  character,  degree,  and  sites  of 
damage  were  estimated.  Estimates  of  recruit¬ 
ment  and  the  degree  of  cochlea  damage  were 
made  by  comparing  the  reflex  and  the  hearing 
thresholds.  Direct  central  damage  could  be 
ruled  out  by  comparing  the  CAP  and  the  PR 
threshold  shifts. 

After  the  physiologic  tests  were  com¬ 
pleted,  the  animals  were  sacrificed  for  middle- 
ear  inspection.  Each  auditory  bulla  was 
opened,  and  careful  examination  of  the  tym¬ 
panic  membrane,  the  ossicular  chain,  and  the 
tympanic  cavity  was  performed  under  a  dis¬ 
secting  microscope.  A  histologic  examination 
of  the  organ  of  Coni  was  performed  in  a  sam¬ 
pling  of  animals. 

Damage  Grading 

Damage  to  the  middle  ear  and  to  the  co¬ 
chlea  was  graded  separately  as  safe,  marginal, 


light,  moderate,  and  severe,  Iabelcd  in  succes¬ 
sion  by  0, 1,  II, -III,  and  IV,  For  middle-ear  dam¬ 
age,  the  descriptions  were  as  follows- 
safe— no  damage  in  all  10  cars  of  the  group  or 
only  congestion  or  feint  hemorrhage  in  not 

more  than  two  ear  drums;  marginal _ light 

hemorrhage  in  some  ears,  but  minute  drum 
perforation  only  in  two  ears  at  most;  light- 
minute  perforation,  but  no  medium-sized  ones 
(!4),  in  more  than  two  ears;  moderate _ me¬ 

dium-sized  perforation,  but  no  large  ones 
(more  than  '/<),  In  more  than  two  ears;  se¬ 
vere-large  perforation,  ossicular  disruption, 
or  profound  tympanic  hemorrhage  in  more 
than  two  ears.  For  cochlear  damage,  the  de¬ 
scriptions  were  as  follows;  sate— the  group- 
averaged  hearir.g.thrcshold  shift  was  less  than 
8  dB  (2  days  after  exposure);  marginal— from 
8  to  15  dB  with  no  middle-ear  damage,  light — 
more  than  15  dB  with  a  hcaring/reflex  thresh¬ 
old  difference  of  from  7  to  20  dB;  moderate- 
front  21  to  30  dB;  severe — 3 1  dB  or  more. 

General  Features 
of  the  Blast  Injury 

For  the  wide  range  of  weapons  and  their 
diverse  levels  end  spectrum,  the  damaging  ef¬ 
fect  of  the  Impulse  noise  was  exerted  chiefly 
on  the  middle-car  stmetures  and  on  the  co¬ 
chlea.  Damage  at  these  two  sites  did  not  run 
parallel.  When  the  peak  pressure  of  the  Im¬ 
pulse  was  very  high  (c.g ,  above  175  dll)  dam¬ 
age  was  more  likely  to  occur  mainly  in  the 
middle  car.  Middle-ear  damage  Is  of  minor  sig¬ 
nificance  in  those  studies  with  small  arms  in 
which  the  effect  of  much-less-intense  impulses 
was  studied  (Ward,  1968;  Coles  et  al,  1968; 
Patterson  et  al,  1986;  Hamcmik  et  al,  1987).  A 
detailed  description  of  blast-induced  middle- 
ear  damage  under  various  exposure  condi¬ 
tions  has  been  given  by  Mcng  et  al  ( 1987). 

Tile  cochlea  seemed  more  susceptible  to 
impulses  of  moderate  peak  pressure  with  large 
pulse  duration  and  number  of  rounds.  Histo¬ 
logic  examination  revealed  that  the  cochlear 
damage  usually  started  from  the  second  turn 
and,  with  increased  severity  of  exposure,  the 
first,  third,  and  fourth  turns  followed  In  suc¬ 
cession.  In  mild  or  moderate  damage  only  re¬ 
ceptor  cells  were  affected.  In  severe  condi¬ 
tions,  however,  the  whole  organ  of  Corti 
might  disappear  and  degeneration  of  the  spiral 
ganglion  and  nerve  fibers  might  occur.  By  con¬ 
trast,  the  vestibular  organ  was  usually  intact 
even  in  cases  of  extremely  severe  cochlea 
damage. 
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TABLE  29-1  Damage  versus  for  Single  Firing  of  Cannon  130 

THRESHOLD  SHIFT  (dB)  DAMAGE  GRADE 


LOCATION 

T  (rm) 

Hearing 

Reflex 

Middle  Ear 

Cochlea 

1 

161.7 

5 

61 

4.9 

0 

0 

2 

166-4 

5 

67 

56 

0 

0 

3 

169,3 

<4 

11.2 

7.3 

1 

0 

4 

171.2 

2 

111 

85 

II 

0 

5 

171.8 

S 

19.5 

226 

III 

0 

6 

1760 

5 

249 

22.4 

III 

0 

7 

178  S 

4 

31.7 

316 

IV 

0 

8 

181.7 

4 

288 

29.7 

IV 

0 

TABLE  29-2  Damage  versus  l^,,  Close  T,  Single  Round,  Different  Sources 

THRESHOLD  SHIFT  (dB)r  DAMAGE  GRADE 


SOURCE 

T(ms) 

Hearing 

Reflex 

Middle  Ear 

Cochlea 

Antiaircraft  100 

1680 

26 

38 

05 

0 

0 

TNT  cylinder  1  Kg 

1700 

2 

22 

-1.0 

0 

0 

Machine  gun  117 

1722 

3 

62 

4.7 

0 

0 

TNT  cylinder  1  Kg 

1732 

2 

5.4 

“C.I 

1 

0 

Firecracker 

1755 

2 

123 

S.l 

0 

1 

TNT  sphere  1  Kg 

179.4 

3 

5,9 

1.9 

II 

0 

Antiaircraft  100 

181.0 

2 

33.4 

21.9 

111 

II 

Pnmer  In  free  field 

1823 

2 

21,4 

23 

II 

II 

firework  A 

1590 

20 

1.2 

10 

0 

0 

Rocket  62 

1698 

25 

36 

-1.7 

0 

0 

Rocket  82  A 

1700 

20 

65 

7.1 

0 

0 

Rocket  82  B 

1722 

25 

6.5 

37 

0 

0 

Rocket  82  A 

1730 

20 

66 

7.9 

1 

0 

Rocket  82  A 

1750 

20 

133 

170 

III 

0 

Rocket  82  B 

1790 

30 

168 

11.7 

III 

0 

Rocket  82  A 

185  5 

20 

17.5 

30.9 

IV 

0 

Tlic  CAP  and  the  PR  threshold  typically* 
shifted  to  the  same  degree;  thus,  there  was  no 
sign  of  immediate  central  auditory  impair* 
ment,  even  when  the  peak  pressure  of  the  irn* 
pulse  was  as  high  as  190  dB,  Impediments  in 
central  auditory  functions  occur  later  and  sec¬ 
ondary  to  cochlear  damage.  Central  morpho¬ 
logic  changes  following  acoustic  trauma  in  the 
periphery  have  been  reported  (Morest  and 
Bohnc,  1983), 

For  pure  middle-ear  blast  injury  or  for 
mixed  trauma  of  both  the  middle  and  the  in¬ 
ner  car,  hearing  loss  in  guinea  pigs  is  not  bi¬ 
ased  towards  high  frequencies,  as  is  usually 
seen  in  cases  of  noise-induced  deafness  in  pa¬ 
tients  wherein  the  cochlea  is  often  the  main 
site  of  damage. 

Role  of  Peak  Pressure 

It  is  generally  agreed  that  the  peak  pres¬ 
sure  is  the  first  important  parameter  of  an  im¬ 


pulse  noise.  Correlation  between  the  degree 
of  car  damage  and  L^,  in  otherwise  similar 
conditions  was  examined  in  a  series  of  experi¬ 
ments. 

Table  29*1  presents  data  obtained  from 
firing  a  single  round  of  cannon  130,  The  ani¬ 
mal  groups  were  located  at  different  distances 
from  the  source  to  vary  (lie  received  1.^. 
From  the  results  the  following  points  may  be 
noted;  (1)  a  single  blast  often  damages  only 
the  middle  car,  (2)  there  is  a  general  trend  for 
the  severity  of  damage  to  increase  with  Lpp  up 
to  a  limit  at  about  %180  dB,  where  maximum 
middle-ear  destruction  is  reached. 

Results  for  a  single-round  exposure  to  dif¬ 
ferent  sources  (T  =  2  to  3  ms  or  T  =>  20  to  30 
ms,  where  T  -  time)  are  listed  in  Table  29-2. 
They  are  essentially  in  agreement  with  results 
in  Table  29-1  except  that  marginal  or  light  co¬ 
chlear  damage  appears  in  some  high  level  ex¬ 
posure  groups. 

Multiple-round  exposures  yield  a  high  in¬ 
cidence  of  cochlear  damage  as  well  as  middle- 
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TABLE  29-3  Damage  versus 

in  Multiround  Exposure 

SOURCE 

T(rm) 

THRESHOLD  SHIFT  (dB) 

DAMAGE  GRADE 

N 

Hearing 

Reflex 

Middle  Ear 

.Cochlea 

TNT  cylinder  1  Kg 

164.9 

2 

10 

57 

-09 

Machine  gun  117 

1667 

3 

10 

(1.4 

Primer  in  free  field 

167.0 

2 

10 

(46 

14 

firecracker 

168.4 

2 

10 

132 

18.1 

Machine  gun  117 

1689 

3 

10 

7.2 

5.9 

Firecracker 

1700 

2 

10 

283 

Primer  in  free  field 

173.4 

2 

10 

230 

TNT  sphere  1  Kg 

1740 

2.5 

10 

136 

13.4 

Machine  gun  117 

I7S0 

3 

10 

.  21.9 

107 

Antiaircraft  100 

176.0 

2.2 

16 

47.3 

20.5 

Firecracker 

177.3 

2 

10 

135 

11.7 

Antiaircraft  100 

1810 

2 

16 

17.2 

28.9 

IV 

II 

TABLE  29-4  Damage  versus  T 

SOURCE 

T(mi) 

N 

THRESHOLD  SHIFT  (dB) 

Hearing  Reflex 

DAMAGE  GRADE 

Middle  Ear  Cochlea 

TNT  200  g 

1.2 

175.4 

1 

98 

48 

Double-barreled  gun  37 

1.4 

175.2 

1 

H.2 

0.9 

Firecracker 

10 

(75  5 

1 

113 

$.1 

Antiaircraft  100 

12 

1760 

1 

107 

7.2 

Gun- howitzer  (52 

60 

175  3 

1 

(2.4 

168 

Rocket  40 

7  S 

1760 

1 

296 

29.1 

Cannon  (30 

80 

1760 

I 

24.9 

214 

Rocket  82  A 

200 

1750 

1 

133 

17.0 

Double-barreled  gun  37 

1.4 

168.0 

10 

66 

0.5 

Gun-howitzer  152 

>100 

167.9 

12 

47.9 

18.7 

TNT  cylinder  1  Kg 

5 

169.9 

(0 

82 

4.7 

Howitzer  122 

40 

169.2 

12 

54.5 

(97 

Machine  gun  117 

i 

166.7 

60 

4.2 

1.3 

Rocket  62 

25 

167.0 

60 

38.5 

17.3 

Howitzer  122 

>100 

167.0 

60 

555 

22.3 

II 

JV 

car  damage.  As  in  the  case  of  single-round  ex¬ 
posures,  die  overall  severity  of  damage  also  In¬ 
creases  with  Ipp.  Examples  arc  given  in  Table 
2  9-3. 

From  the  data  presented  In  Tables  29-1 
through  29-3,  it  is  clear  that  the  peak  pressure 
of  weapon  impulse  noise  is  an  important  de- 
tetmlnaht  of  the  damaging  effect.  T>  i  L,v  dif¬ 
ference  from  safe  to  profound  car  injury 
amounts  roughly  to  12  to  16  dl),  le,,  a  3-  to 
•f-dii  Ip,,  Increment  would  raise  the  damage 
about  one  grade.  For  a  single  round,  and  for  T 
not  longer  than  a  few  mdhseconds,  an  Lp,,  of 
about  1 70  dB  would  begin  to  cause  car  dam¬ 
age. 

Because  peak  pressure  Is  not  the  sole  pa¬ 
rameter  of  an  Impulse  noise,  the  rules  for  esti¬ 
mating  the  damaging  effect  of  exposure  to  im¬ 
pulse  noise  must  take  other  parameters  into 
account. 


Role  of  Pulse  Duration 


The  Importance  of  T  was  examined  in 
several  experiments  in  which  I„  and  number 
of  rounds  (N)  are  about  equal.  The  data  leads 
to  several  generalizations:  (1)  there  is  a  ten¬ 
dency  for  damage  to  increase  with  T:  (2)  for 
large-T  exposures,  cochlear  Injury  may  appear 
and  become  predominant;  (3)  when  1,,  and  N 
arc  about  equal,  aV7-  to  30  fold  T  increment 
would  raise  the  damage  two  to  four  grades — 
i  e ,  there  is  a  loose  correlation  of  one  grade 
per  each  three  fold  T  increment. 

Because  an  increase  of  or  T  leads  to 
an  increase  of  the  incoming  acoustic  energy 
acting  on  the  ear,  and  because  both  lead  to  se¬ 
vere  damaging  effects,  it  is  reasonable  to  con¬ 
sider  combining  these  two  parameters,  as  in 
the  case  of  the  equal-energy  principle.  Several 
authors  had  tried  to  apply  the  energy  princi- 
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TABLE  29-5s  Damage  versus  Lpj,  T  Product  (P) 


SOURCE 

P  (dB) 

^0“»' 

T  (ms) 

N 

THRESHOLD  SHIFT  (dB) 

Hearing  Reflex 

DAMAGE  GRADE 

Middle  Ear  Cochlea 

TNT  200  g 

1812 

1804 

12 

1 

156 

109 

III 

0 

Gun-howrtzcr  152 

181.4 

1735 

6.5 

1 

10.4 

168 

II 

0 

Rocket  82  B 

1826 

1696 

20 

1 

52 

37 

0 

0 

Machine  gun  127 

178.0 

175  0 

2 

10 

36  8 

145 

II 

III 

Rocket  40 

1780 

•  1662 

IS 

10 

62 

05 

0 

0 

Gun-howitzer  152 

177.4 

157.4 

>100 

12 

9.4 

52 

0 

1 

Gun-howjtzer  152 

181.4 

173  5 

65 

30 

60.3 

-28.5 

III 

IV 

Rocket  82  B 

181.2 

1682 

20 

30 

132 

22 

0 

1 

TABLE  29*6  Damage  versus  N 


THRESHOLD  SHIFT  (dB)  DAMAGE  GRADE 


SOURCE 

N 

T  (ms) 

Hearing 

Reflex 

Middle  Ear 

Cochlea 

Cannon  130 

1 

1664 

8 

67 

56 

0 

0 

2 

132 

7.2 

II 

0 

4 

142 

7.6 

II 

0 

8 

24.9 

8.5 

II 

II 

16 

306 

10.4 

II 

II 

32 

450 

17.6 

II 

III 

Cannon  130 

1 

171.8 

8 

19.5 

226 

IK 

0 

2 

280 

29.4 

III 

0 

4 

289 

28.2 

IV 

0 

8 

31.2 

267 

IV 

0 

16 

35  5 

28.0 

IV 

II 

32 

47.7 

27.2 

IV 

III 

Machine  gun 

I 

170.9 

2 

62 

47 

0 

0 

127 

10 

100 

6.5 

0 

1 

30 

145 

3.1 

II 

1 

60 

41.5 

11.7 

II 

III 

120 

41.3 

19.5 

11 

III 

300 

45.3 

137 

II 

IV 

Rocket  40 

| 

1720 

20 

1.9 

-0.3 

0 

0 

10 

124 

37 

0 

1 

30 

16.2 

3.5 

1 

II 

pic  to  predict  Impulse  noise  hazard  (Atlicrlcy 
and  Martin,  1971;  Rice  and  Martin,  1973;  Rob* 
erto  ct  al,  1985;  Henderson  and  Hamernik, 
1986), 

Our  data  provided  another  perspective  to 
cxamlnc  this  hypothesis  under  more  practical 
conditions.  By  simple  calculation  the  T  *  Lpp 
product  for  each  exposure  condition  can  be 
easily  obtained.  For  convenience  of  compari¬ 
son  it  is  herein  expressed  In  terms  of  equiva¬ 
lent  peak  pressure  at  T  equaling  1  ms  (de¬ 
noted  by  the  letter  P;  P  »  Ipp  +  10  log  T). 
Some  representative  results  are  listed  In  Table 
29-5*  It  is  obvious  for  the  same  P  values,  dam¬ 
age  may  vary  from  safe  to  moderate  or  from 
marginal  tv  severe,  indicating  that  the  equal- 
energy  law  docs  not  hold  for  impulse  noise 
hazard,  and  that  the  value  P  cannot  be  used  as 
a  combined  parameter  for  damage  prediction. 


Damage  in  Relation  to 
Number  of  Rounds 

Repeated  exposure  would  cause  she  dam¬ 
aging  effect  to  accumulate  and,  consequently, 
the  overall  hearing  impairment  would  in¬ 
crease  with  the  number  of  rounds.  Such  accu¬ 
mulation,  however,  is  different  for  middle  ear 
and  for  cochlear  damage.  Table  29  6  presents 
data  from  a  series  of  experiments  designed  to 
demonstrate  this  difference.  With  an  increase 
in  the  number  of  rounds  (N,  in  one  exposure 
day),  the  cochlear  damage  may  shift  three  or 
four  grades  (from  0  to  IV  in  the  ease  of  expo¬ 
sure  to  machine-gun  firing,  or  from  0  to  III  in 
the  case  of  exposure  to  cannon  130)  whereas 
the  middle-ear  damage  increases  only  one  or 
two  grades.  As  a  loose  estimate,  about  a  three- 
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TABLE  29-7  Damage  versus  Inter-Round  Interval 

SOURCE 

PAIR  NO. 

N 

AVERAGED 

INTERVALS) 

THRESHOLD 
SHIFT  (dB) 

Hearing  Reflex- 

DAMAGE  GRADE 

Middle 

Ear  Cochlea 

Rocket  82-B 

1 

165  7 

30 

232 

12.8 

4.7 

0 

1 

44 

65 

1.7 

0 

0 

T  =  20  ms 

2 

167.8 

30 

232 

8.1 

65 

0 

1 

44 

9.9 

39 

0 

1 

3 

1682 

30 

232 

148 

48 

0 

1 

44 

132 

22 

0 

1 

TNT  1  Kg 

4 

1630 

10 

720 

S3 

-1.5 

0 

0 

Cylinder 

96 

37 

0.1 

0 

0 

T  »  3ms 

S 

164  9 

10 

720 

9.1 

0.1 

0 

1 

96 

S7 

0.9 

0. 

0 

6 

169.9 

10- 

720 

82 

47 

1 

0 

96 

65 

-04 

1 

0 

7 

177  8 

10 

720 

11.3 

11 

0 

96 

99 

38 

11 

0 

Impact  Noise 

8 

151.0 

30 

60 

260 

7.1 

0 

II 

4 

163 

58 

0 

II 

T  »  100  ms 

9 

1530 

30 

60 

21.4 

145 

0 

II 

4 

206 

56 

0 

II 

10 

1490 

100 

36 

144 

6.1 

0 

1 

14 

11.2 

68 

0 

1 

II 

151.0 

100 

36 

266 

7.7 

0 

II 

2.4 

231 

60 

0 

II 

12 

1530 

100 

36 

309 

12.4 

0 

11 

2.4 

26.2 

11.3 

0 

II 

TNT  200  g 

13 

1804 

4 

1350 

287 

154 

III 

II 

T  ^  1.2  ms 

450 

23.9 

25.4 

III 

0 

14 

1868 

4 

1350 

35.1 

308 

IV 

0 

450 

27.4 

30,4 

IV 

0 

Machine  Gun 

IS 

1709 

10 

0.1 

100 

6.5 

0 

1 

127 

10-60 

17.0 

5.1 

0 

II 

T  -  2ms 

16 

1750 

10 

0.1 

21.9 

107 

0 

11 

10-60 

368 

145 

II 

III 

17 

170.9 

30 

0.1 

14  S 

3.1 

II 

1 

10-60 

39.9 

n.< 

II 

III 

18 

1750 

60 

01 

440 

230 

II 

ill 

10-60 

61.7 

211 

II 

IV 

fold  increment  in  N  raises  the  cochlear  dam¬ 
age  one  grade,  comparable  to  that  for  increas¬ 
ing  T. 

Interround  Interval 

Results  for  18  pairs  of  animal  groups,  each 
exposed  with  different  inter-round  intervals  to 
the  same  source,  are  presented  in  Table  29*7. 
For  pairs  1  to  14,  the  shortest  interval  is  only 
2.4  seconds,  whereas  the  longest  is  more  than 
20  minutes.  As  shown,  in  1 1  pairs  of  these  14, 
the  damage  grades  of  both  the  middle  ear  and 
the  cochlea  arc  virtually  the  same  for  both 
long  and  short  intervals.  Only  in  pairs  1, 5,  and 
13  does  marginal  or  light  cochlear  damage  ap¬ 
pear  in  the  longer-interval  groups,  in  contrast 


to  the  safe  grade  in  the  shorter-interval  ones. 
In  addition,  the  hearing  threshold  shifts  seem 
systematically  a  little  larger  in  the  longer* 
interval  groups.  These  differences,  however, 
are  statistically  insignificant.  It  is  likely  that  the 
fatiguing  factor  of  hourly  exposing  the  animals 
of  die  longer-interval  groups  to  the  sun  and 
wind  in  the  open  field,  rather  than  the  interval 
parameter  itself,  may  be  responsible  for  the 
seemingly  larger  cochlear  damage  in  these 
groups. 

Very  long  intervals  would  limit  the  possi¬ 
ble  number  of  rounds  within  an  exposure  day, 
and  hence  are  less  interesting.  Very  short  in¬ 
tervals  are  worth  considering.  This  is  demon¬ 
strated  by  the  results  obtained  in  the  pairs  of 
animal  groups  exposed  to  machine-gun  firing, 
in  which  the  damaging  effects  with  short  (0.1 
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TABLE  29-8  Examples  for  “Safe" 

CoexfitioM 

' 

SOURCE 

T(n») 

N 

TN 

THRESHOLD  SHIFT  (dB) 

Hearing  RdSex 

Cameo  I  S3 

166.4 

8 

1 

8 

67 

56 

A«saarcrafe  ICO 

1638 

26 

1 

26 

38 

05 

TNT  200 1 

1700 

18 

1 

18 

1.4 

26 

TNT  jphere  I  Kg 

1600 

5 

1 

5 

28 

21 

TNTcy&xJer  1  Kg 

I70.0 

2 

1 

2 

22 

-18 

Rocket  62 

169.8 

25 

1 

25 

38 

-17 

Rocket  82  A 

I66.0 

20 

1 

20 

58 

38 

Rocket  82  B 

167.0 

22 

1 

22 

15 

25 

Rocket  *0 

I7I.4 

16 

1 

16 

1.9 

-0J 

Machine  gw  127 

1722 

2 

1 

2 

62 

17 

Pnmer  ki  free  field 

17410 

2 

1 

2 

-08 

12 

Primer  in  a  fcox 

163.4 

40 

1 

40 

45 

08 

firecracker 

1720 

2 

1 

| 

18 

22 

DocfcSe-barreled  gun  37 

1630 

1.4 

10 

14 

68 

OS 

TNT  cySnder  l  Kg 

1619 

2 

10 

20 

57 

-0.9 

firework  A  saNo 

157.0 

20 

9 

180 

7.4 

38 

Rocket  82  B 

1657 

25 

10 

250 

62 

19 

Rocket -40 

163X3 

18 

10 

180 

68 

18 

Machine  gun  127 

J68.9 

2 

10 

20 

72 

52 

Double 'fcarreJed  gin  37 

165.0 

It 

30 

330 

-0.1 

-0.4 

firework  A  saho 

1519 

30 

75 

2250 

-02 

24 

Rocket  82  A 

I600 

20 

35 

700 

19 

75 

Rocket  82  B 

1660 

25 

30 

7 50 

45 

24 

Rocket  40 

1588 

IS 

30 

450 

57 

-05 

Machine  gun  127 

1667 

2 

30 

60 

58 

47 

firework  C 

1527 

12 

120 

1440 

1.3 

07 

Machine  gun  J27 

1628 

3 

300 

900 

47 

12 

Pnmer  in  free  Md 

157.2 

2 

100 

200 

78 

-17 

seconds)  and  Jong  (10  to  60  seconds)  inter¬ 
round  intervals  arc  compared  (pairs  15  to  18 
in  Table  29-7).  As  shown,  for  the  short-inter¬ 
val  exposures  the  cochlear  damage  and  hear¬ 
ing  loss  is  less  severe  than  in  :hc  long-interval 
exposures.  This  may  be  explained  by  the  pro¬ 
tecting  mechanism  of  the  acoustic  reflex:  the 
0.1-second  interval  is  short  enough  for  the  re¬ 
flex  evoked  by  the  preceding  impulse  to  last 
and  be  effective  when  the  succeeding  Impulse 
arrives. 

Safety  Margin  for  Guinea 
Pigs 

From  the  experimental  data  obtained  in 
more  than  300  groups  of  animals  exposed  to 
impulse  noise  of  various  parameters  and  under 
various  conditions,  we  may  conclude  that  the 
peak  pressure,  the  pulse  duration,  and  the 
number  of  rounds  arc  the  three  essential  pa¬ 
rameters,  In  general,  injury  is  aggravated  by 
increasing  any  of  these  parameters.  There  is, 
however,  considerable  variability  within  and 


across  groups.  Attention  herein  is  concen¬ 
trated  on  the  ‘safe"  and  “marginal"  conditions, 
which  arc  more  important  in  determining  a 
safety  margin.  Some  representative  data  are 
given  in  Tables  29-8  and  2 9-9- 

By  definition,  the  safety'  margin  should  be 
the  demarcation  line,  or  lines,  which  separate 
the  data  points  into  two  populations,  holding 
all  the  “damaged"  points  above  and  leaving 
only  pan  of  the  “safe"  ones  below.  This  line 
(or  lines)  can  be  drawn  in  many  different 
ways.  After  a  scries  of  trials  we  found  that  Lpp 
versus  log  (T  N)  is  the  simplest.  The  safety 
margin  of  impulse  noise  for  guinea  pigs  can  be 
expressed  as 

1^  =  t72  -  6  log  (T  N) 

which  is  graphically  represented  by  the  ob 
lique  line  in  Figure  29*1  in  the  versus  log 
(T  N)  format.  In  this  figure  the  dots  represent 
all  the  damaged  points  of  marginal  or  light 
grades  (points  of  the  more  severe  grades  arc 
distributed  higher  in  position  and  arc  omit¬ 
ted).  The  line  fits  the  lower  border  of  the  dot 
distribution  strikingly  well 
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TABLE  29-9  Exa mples  of  Kirptul  Damage 


THRESHOLD  SHIFT  (<53)  *  DAMAGE  GRADE 


SOURCE 

T{na) 

N 

TN 

Hearing 

Reflex 

P&kSeEar 

Cochlea 

Cansoa  130 

1693 

8 

1 

8 

113 

73 

1 

,  0 

OoiJW^Tried 

1720 

1.4 

1 

1.4 

93 

-  22 

0 

1 

TNT  200  x 

1726 

13 

1 

<  13 

11.4 

•20 

1 

Ci 

TNT  40  x 

169,0 

3 

3 

88 

-<M 

1  « 

0 

TNT  cyfader  1  Kg 

171.0 

5 

1 

„S 

25 

06 

1  -> 

0 

Rodcet82A 

1710 

20 

1 

20 

65 

7.9 

1 

0 

Roden  40 

1740 

13 

1 

18 

.  jm 

15 

0 

firecracker 

1755 

2 

I 

2 

123 

5J 

0 

r* 

Dotf^iarrded 

1703 

1.4 

10 

14 

.  I0J 

3.1 

o  > 

g»37 

TNT  sphere!  Kg 

163.0 

5 

10 

*hr 

56' 

61 

1 

0 

TNT  cySnder  1  Kg 

1645 

2 

10 

20 

9.1 

-3.1 

0 

1 

firrworfcB 

1593 

20 

9 

180 

86 

46 

A 

1 

Rocket  82  B 

1663 

25 

10 

250 

9.4 

2.4 

0 

1 

Rocket  40 

1723 

16 

10 

>60 

124 

37 

0 

i. 

Machine  gun  127 

1667 

2 

10 

20 

11.4 

6.4 

0 

1 
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20 
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24 

0 
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2 

10 

20 
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1 
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1 
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1 
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113 
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Figure  29-1  Safety  margin  of 
impulse  noise  for  guinea  pigs. 
Oblique  line  represents 
calculation  of  1^, »  172  -  6  log 
(T  N)  in  the  1^  \ersus  log  (T  N) 
format.  Dots  represent  "damaged’ 
points  of  marginal  or  light  grades 
(points  of  the  more  severe  grades 
are  distributed  higher  in  position 
and  arc  omitted). 
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TABLE  29-10  Percentage  of  Protection  in  Exposed  Personnel 


•«JB  ABOVE 
CRITERION 

NUMBER  OF 
TESTED 
SUBJECTS 

NUMBER  OF 
•SAFE- 
SUBJECTS 

%  OF 

PROTECTION 

EAR 

PROTECTOR 

0.1-95 

--  83 

80 

90.9 

Not  used 

5J0-9.9 

81 

75 

916 

11.4-IS.l 

37 

27 

710 

-10-0 

133 

133 

IOOjO 

E*rp!ujj  of  20  <3 

ai-3 

263 

243 

943 

3 uerxsuon 

11-9.9 

123 

119 

967 

0.1 -9.9 

367 

95.1 

' 

'' 

TABLE  29-1 1  Examples  of  Exposure  to  Different  Weapons 

NUMBER  OF 

dB  ABOVE 

TOTAL 

“SAFE" 

%  OF 

SOURCE 

T(TO) 

N 

CRITERION 

SUBJECTS 

SUBJECTS 

PROTECTION 

Machne  jun  117 

175.0 

3 

2 

5.1 

45 

42 

93.3 

Gtn-howTtitr  152* 

179.4 

>100 

4 

-12 

34 

34 

100.0 

Guo-howncrer  152* 

I8IO 

>100 

10 

2 

31 

29 

935 

CamooSS* 

1814 

>100 

3 

0.3 

29 

27 

93.1 

•firing  ki  iorofiaoon;  wah  evpJujs  of  20  d3  attenuation 


A  Proposed  Safety 
Criterion  for  Impulse 
Noise 

Taking  advantage  of  some  ordinary  mili¬ 
tary  practices,  a  number  of  contrast  experi¬ 
ments  between  men  and  guinea  pigs  were  per¬ 
formed  with  the  aim  of  comparing  the  damag¬ 
ing  effect  of  weapon  impulse  noise  on  the  hu¬ 
man  versus  the  guinea  pig  cars.  From  the 
results  of  these  experiments  it  was  estimated 
that  the  human  tolerance  to  impulse  noise  is 
about  8  dB  better  than  the  guinea  pig’s  (Liang 
et  al,  1983b).  On  the  basis  of  the  empirical 
guinea-pig  safety  margin  and  the  estimated  tol¬ 
erance  difference  between  species,  and  leav¬ 
ing  room  to  ensure  safety,  a  human  safety*  cri¬ 
terion  for  grazing  incidence  of  the  Impulse 
wave  can  be  proposed  to  have  the  form 

1^=  177  -  6  log  (T  N) 

For  simplicity  in  application,  T  shorter  than  1 
ms  is  taken  as  1  ms,  so  177  dB  is  the  maxi¬ 
mum  allowable  Lpp  for  the  human  ear.  T 
longer  than  100  ms  is  taken  as  100  ms  be¬ 
cause  the  acoustic  reflex  would  .then  be  effec¬ 
tive.  After  proper  verification,  this  criterion 
was  later  accepted  as  the  formal  Chinese  na¬ 
tional  standard  for  practical  use  (Liang  et  al, 


1983b).  Part  of  the  \crification  data  is  pre¬ 
sented  in  Tables  29-10  and  29-11.  As  shown, 
in  all  tests  in  which  1^,  is  in  the  region  of  the 
safety  criterion,  more  than  90  percent  of  the 
exposed  personnel  arc  safe  (no  middle-ear 
damage  and  a  complete  recovery  of  hearing 
threshold  shifts  within  2  days). 

Besides  the  peak  pressure,  thcpulsc  dura¬ 
tion,  the' number  of  rounds,  and  the  inter- 
round  interval  quantitatively  analyzed,  there 
are  still  other  parameters  and  factors  that  may 
influence  the  damaging  effect  of  impulse 
noises;  their  roles  arc  worthy  of  detailed  study 
in  well-designed  and  well-controlled  experi¬ 
ments. 

As  a  basic  acoustic  parameter,  the  spectral 
composition  of  the  impulse  is  certainly  of  im¬ 
portance.  The  pulse  duration  or,  to  be  precise, 
the  waveform  of  the  impulse  may  reflect  its 
spectral  properties,  but  only  in  a  very  general 
w*ay.  It  is  true  that  most  impulse  noises  of 
weapon  origins  possess  wide  spectra.  Signifi¬ 
cant  differences,  however,  may  exist  and  be 
effective  (Price,  1986).  In  most  of  the  pro¬ 
posed  damage-risk  criteria  for  impulse  noises 
the  spectral  influence  is  neglected  (Ward, 
1968;  Coles  et  al,  1968;  Pfander  et  al,  1980, 
Liang  et  al,  1983).  This  should  be  understood 
as  a  necessary  simplification  for  a  military  cri 
terion  to  help  ensure  regular  application. 

Frequency  of  exposure  is  a  factor  directly 
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relevant  to  the  damaging  effect  of  an  impulse 
noise.  The  proposed  safety  criterion  now.  be¬ 
ing  used  in  the  Chinese  an  ill cry 'is  suitable 
when  the  frequency  of  exposure  is  not  more 
than  10  occasions  in  I  year  with  sufficient  in¬ 
tervals  in  between  (Liang  ct  ai,  1983b).  Lor 
more-frequent  exposures  and  for  repeated  ex¬ 
posures  on  successive  days,  the  maximum  al¬ 
lowable  peak  pressure  should  be  lowered  ac¬ 
cordingly. 

It  is  n?t  easy  to  make  direct  comparisons 
between  the  maximum  allowable  peak  pres¬ 
sures  in  different  criteria  because  of  their  dif¬ 
ferent  forms.  On  the  whole,  the  maximum  al¬ 
lowable  peak  pressure  in  the  Chinese  criterion 
seems  considerably  higher  than  the  Western 
criteria.  Doubtlessly,  this  is  not  a  matter  of  ra¬ 
cial  dffcrenccs  in  noise  toicrancc.  Rather,  the 
different  definitions  of  the  threshold  of  safety 
or  damage  risk  and  ways  of  determining  dam¬ 
age  arc  responsible  for  the  discrepancy.  Take 
the  CHABA  criterion  (Ward,  1968),  for  in¬ 
stance.  For  the  same  T  and  N  values,  the  max¬ 
imum  allowable  Lpp  in  this  criterion  is  about 
10  dB  lower  than  that  in  the  Chinese  crite¬ 
rion.  CHABA,  and  some  others,  took  10  to  20 
dB  temporary  threshold  shift  (TTS.)  as  the 
threshold  of  damage  risk.  With  this  amount  of 
TTS2,  however,  complete  recovery’  of  hearing 
usually  takes  place  within  1  hour(Kylin,  I960, 
Ward  ct  al,  1961;  Loco  and  Fletcher,  1968). 
The  CHABA  criterion  is  Very  conservative  and 
may  overestimate  the  thrcshold.for  damage. 
Judging  from  the  vast  amount  of  animal  exper¬ 
imental  data  presented  here,  the  CHABA  crite¬ 
rion  seems  even  “too  “safe"  for  guinea  pigs, 
which  should  be  less  tolerant  to  impulse  noise 
than  human  subjects. 

For  future  consideration,  scientists  may 
have  to  broaden  their  perspective  on  what 
constitutes  auditory  damage.  The. reliance  on 
PTS  may  obscure  other  significant  changes  and 
therefore  cause  them  to  go  unnoticed.  Audi¬ 
tory  discrimination  that  requires  the  proper 
functioning  of  integrating  centers  may.be  a 
measure  of  central  auditory  involvement.  Pro¬ 
longed  gap  detection  thresholds  in  chinchillas 
after  noise  exposure  have  been  reported  by 
Salvi  et  al  (1986).  Study  of  systematic  changes 
in  difference  limens  for  frequency,  for  inten¬ 
sity,  and  for  phase  in  guinea  pigs  after  expo¬ 
sure  to  impulse  noise  is  now  in  procession  in 
the  Shanghai  laboratory  Preliminary  results 
show  that  these  changes  as  wcl!  as  the  hearing 
threshold  shift  do  not  run  parallel,  suggesting 
that  the  central  involvement  is  by  no  means 
simple. 

Exposure  to  steady  and  impulse  noise  of 
appropriate  parameters  may  call  forth  a  phe 


nomcnon  known  as  neural  facilitation  in  the 
brain  cortices  manifesting  as  a  drastic  augmen¬ 
tation  of  the  evoked  potentials,  marked  in¬ 
crease  of  neuronal  discharge  rate,  and  signifi¬ 
cant  lowering  of  the  frequency'  difference  li¬ 
mens  (Liang  et  al,  1982;  Gerken  ct  al,  1986; 
Shao  ct  al,  1988, 1990).  This  is  another  inter* 
csting  aspect  of  the  central  involvement  in 
noise  hazard. 

Relations  Parametriques 
entre  Bruits  Impulsionnels 
et  Deficits  Auditifs 

Pour  determiner  1'effet  Icsionnel  dcs 
bruits  d’armes  sur  Ie  systeme  auditif,  les  pa- 
rametres  essentiels  sont  la  surpression  dc 
Crete  Lp,  la  durec  de  l’impulsion  T  et  le  nom- 
bre  dc  coups  N.  Sur  la  base  d’etudes  audi- 
ometriques  portant  sur  un  peu  plus  dc  2000 
cobayes  exposes  dans  diverscs  conditions  k 
des  bruits  impulsionnels  provenant  de  differ- 
ents  types  d'armes,  une  limite  de  sccuntc  val* 
able  pour  une  exposition  et  pour  le  cobaye  a 
etc  formulee  comme  suit; 

Lp  22  172  —  6  !og(TN) 

oil  Lp  cst  exprime  en  dB  re  0,00002  Pa  (inci¬ 
dence  rasante),  T  en  ms  (les  valeurs  in- 
ferieures  k  1  ms  ctant  considerEcs  comme 
cgales  k  1  ms),  N  le  nombre  de  coups  sur  une 
joumce  deposition.  Lore  dc  1’analysc  dcs 
donnecs  experimcntalcs,  la  gravitc  dcs  lEsions 
est  quantifiEc  scion  les  classes  suivantcs.  inof¬ 
fensive,  limite,  faiblc.-modcrcc  et  sEvfcre,  en 
fonction  dc  la  variation  du  scuil  d'audition  ct 
dc  Li’pathologie  dc  Poreillc  moyenne.  11  appa- 
rait  que  pour  chaquc  increment  dc  3  ou  4  dB 
dejp,  ou  pour  toutc  modification  de  T  ou  dc 
N  d  un  factcur  3  k  5,  la  gravitc  lesionnellc  aug- 
mente  d’environ  une  classc.  Amsi,  un  depasse- 
ment  dc  Lp  dc  15  dB  par  rapport  k  la  limite  de 
sEcurite,  ou  un  increment  Equivalent  dc  NT, 
risquent  d'induire  une  lEsion  auditive  trEs  sE- 
vEre,  . 

La  destruction  dc  I’orcillc  moyenne  de¬ 
pend  essentiellement  de  Lp  alore  que  les  varia¬ 
tions  de  TN  affectent  surtout  la  cochlec.  Sous 
ccrtaines  conditions,  la  destruction  du  mccan- 
isme  de  transmission  dc  l’oreille  moyenne  par 
quclques  premieres  impulsions  peut,  d’unc 
maniEre  ou  d'unc  autre,  amortir  les  “coups  de 
fouct"  des  ondes  de  choc  suivantcs  au  niveau 
de  la  cochlEc,  reduisant  ainsi  1’effet  Icsionnel 
sur  ccttc  demiErc.  Ainsi,  il  peut  arrtver  dans 
des  cas  cxceptionncls  dc  tire  rEpEtitifs,  qu’un 
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Lp  plus  important  provoque  des  lesions  audi- 
tives  global  es  plus  foibles. 

La  tolerance  de  1‘oreillc  huraaine  a  etc  es- 
timee  superieure  de  5  dB  a  ccllc  du  cobajc. 
En  elevant  la  limitc  dc  sccuritc  ininale  du  co- 
bayc  dc  172  dB  a  177  dB,  un  critere  de  secu- 
rite  formcl  pour  les  bruits  d'armes  a  etc  pro¬ 
pose  pour  Tutilisation  en  milieu  militaire  en 
Chine.  Des  rcsultats  verifiant  la  fiabilite  dc  cc 
critere  par  la  protection  de  plus  de  90%  du 
personnel  expose,  seront  presentes. 

Le  spectre  de  Timpulsion,  la  polaritc  du 
pic  principal,  l’intcrvallc  entre  les  salves  ct  la 
frequence  deposition  sont  cgalcmcnt  des 
factcurs  significatils.  La  reduction  dc  la  dis¬ 
crimination  auditive  consecutive  &  Impo¬ 
sition  n’est  pas  en  relation  dirccte  avec  lc  dc* 
placement  du  scuil  d’audition,  ce  qui  suggfcrc 
1’existence  d’eflfets  induits  par  Ic  bruit  dans  les 
centres  auditifs.  L’cxposition  £  des  impulsions 
de  parametres  approprics  peut  provoquer  un 
phenomfcne  connu  sous  le  nom  de  •‘facilita¬ 
tion'’  neurale  dans  lc  cortex  cerebral  qui  sc 
traduit  par  une  augmentation  importante  des 
potenticls  evoques,  une  augmentation  mar¬ 
quee  du  rythmc  des  decharges  neuronales  ct 
une  diminution  significative  dc  la  disenmina* 
tion  frequcncielle. 
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There  are  a  number  of  different  suggested 
standards  for  exposure  to  impulse/impact 
noise  (Coles  ct  al,  1968;  OSHA,  Dept  of  Labor, 
1974;  Smoorenburg,  1982;  Pfandcr  et  al, 
1980).  Although  each  of  these  criteria  has  its 
proponents,  none  of  them  is  in  complete 
agreement  with  existing  data  (Smoorenburg, 
1987).  What  is  needed  is  a  new  criterion.  Un¬ 
fortunately,  there  is  an  extremely  limited  em¬ 
pirical  database  on  which  a  new  standard  can 
be  built.  The  difficulties  associated  with  gener¬ 
ating  such  a  database  arc  compounded  by  the 
extremely  broad  range  of  high  intensity  noise 
transients  that  exist  in  various  industrial  and 
military  environments.  For  example,  in  indus¬ 
try,  impacts  with  variable  peak  intensities  and 
a  reverberant  character  often  occur.  At  the 
other  extreme,  the  diverse  military  weapon 
systems  produce  impulses  that  originate  as  the 
result  of  a  process  of  shock-wave  formation 
and  propagation  following  an  explosive  re¬ 
lease  of  energy.  These  waves,  which  can  have 
peak  levels  in  excess  of  180  dB,  can  be  cither 
reverberant  or  nonreverberant,  depending  on 
the  environment  in  which  they  are  encoun¬ 
tered.  Trying  to  develop  a  single  standard  to 
cover  this  broad  range  of  “acoustic*  signals  is 
a  formidable  task. 

Existing  or  proposed  exposure  criteria 
generally  lack  specific  consideration  of  the  fre¬ 
quency  domain  representation  of  the  impulse. 
This  point  has  been  raised  frequently  by  Price 
(1979)  and  others.  However,  some  deference 
is  given  to  the  spectrum  in  these  criteria,  in  an 
indirect  manner,  through  the  handling  of  the 
A  and  B  duration  variables. 
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A  more  direct  spectral  approach  to  the 
evaluation  of  impulses  and  impacts  was  pro¬ 
posed  by  Kryter  (1970)  His  suggestions,  al¬ 
though  based  on  sound  reasoning,  never 
gained  acceptance.  The  Kryter  approach  was 
attractive  in  its  ability  to  predict  the  amount 
of  temporary  threshold  shift  measured  2  min¬ 
utes  after  exposure  (TTS*)  to  a  noise  tran¬ 
sient.  However,  this  approach  was  limited  to 
situations  in  which  the  TTS>  was  not  exces¬ 
sively  large  or,  alternatively,  the  levels  of  the 
transient  in  any  given  frequency  band  were 
not  excessive. 

Price  ( 1979, 1983, 1986)  has  built  on  and 
extended  the  Kryter  approach  by  considering 
the  spectral  transmission  characteristics  of  the 
peripheral  auditory  system.  Price's  reasoning 
led  to  the  following  conclusions:  (1)  There  is 
a  species-specific  frequency,  4,  at  which  the 
cochlea  is  most  vulnerable  and  that  impulses 
whose  spectrum  peaks  at  4  will  be  most  dam¬ 
aging.  This  would  appear  to  be  true,  according 
to  Price,  regardless  of  the  distribution  of  en¬ 
ergy  above  and  below  4-  For  man,  the  sug¬ 
gested  frequency  is  3  0  kHz,  and  (2)  Relative 
to  the  threshold  for  damage  at  4.  the  thresh¬ 
old  for  damage  should  rise  at  6  dB  per  octave 
when  fp  is  greater  than  4  and  at  18  dB  per  oc¬ 
tave  when  fp  is  less  than  4,  where  fp  is  spectral 
peak  of  the  impulse.  Thus,  a  model  for  perma¬ 
nent  damage  was  developed  that  is  amenable 
to  experimental  testing  In  subsequent  studies, 
Price  (1983,  1986)  has  tried  to  relate,  with 
varying  degrees  of  success,  experimental  data 
obtained  from  the  cat  to  the  predictions  of 
this  model.  More  recently,  Hamemik  et  al 
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(1990)  and  Patterson  et  a!  (1991)  have  re¬ 
ported  on  an  extensive  series  of  parametric 
studies  in  which  the  spectra  of  the  impulses 
were  varied.  A  review  of  the  literature  indi¬ 
cates  that,  except  for  the  studies  mentioned 
above,  there  are  few  other  published  results 
obtained  from  experiments  specifically  de¬ 
signed  to  study  the  effects  of  the  spectrum  of 
an  impulse  on  hearing  trauma. 

This  chapter  presents  an  analysis  of  the 
Patterson  et  al  ( 1991 )  data  from  which  a  spec¬ 
tral  weighting  function  is  derived.  This 
weighting  function  will  then  be  applied  to  the 
blast  wave  data  of  Hamcrhik  et  al  (1990)  and 
to  the  synthetic  impulses  from  Patterson  et  al 
( 1986)  in  order  to  develop  a  relation  between 
the  permanent  threshold  shift  (PTS)  and  the 
sound  exposure  level  (SEL)  The  intention 
here  is  not  to  present  a  set  of  conclusive  re¬ 
sults,  but  rather  to  illustrate  a  new  approach 
to  the  analysis  of  this  type  of  experimental 
data.  It  is  an  approach  that  develops  a  direct 
relation  between  frequency-specific  measures 
of  PTS  and  the  frequency  domain  representa¬ 
tion  of  the  impulse.  The  results  of  this  ap¬ 
proach  can  be  related  directly  to  the  Price 
( 1983)  model  and  can  be  used  to  estimate  the 
permanent  effects  of  a  traumatic  impulse  noise 
exposure  in  a  manner  similar  to  that  approach 
proposed  by  Krytcr  (1970)  for  estimating 
temporary'  threshold  shift  (TTS)  after  an  im¬ 
pulse  noise  exposure. 


TABLE  30-1  Exposure  Conditions 
for  the  20  Groups  of 
Animals  Used  for 
Scries  I  Exposures 

CF  (Hz)  PEAK  SPL  (dB)  TOTAL  SEL  (dB) 


260 

139 

132.5 

260 

146 

1398 

775 

134 

124  8 

775 

139 

129.4 

775 

144 

134  8 

1025 

129 

1198 

1025- 

134 

124  2 

1025 

139 

129.1 

1025 

144 

1346 

1350 

129 

1198 

1350 

134 

1242 

1350 

139 

129.0 

24S0 

129 

1206 

2450 

134 

124.9 

2450 

139 

1296 

2450 

144 

1350 

3550 

124 

1130 

3550 

129 

119.9 

3550 

134 

1242 

3550 

139 

129.5 

Methods 

The  noise-induced  permanent  threshold 
shift  (NIPTS)  data  presented  in  this  report 
w'erc  acquired  from  475  chinchillas  exposed 
to  high  levels  of  impulse  noise.  Audiometric 
data  on  each  animal  were  obtained  using  ei¬ 
ther  a  shock  avoidance  procedure  (Patterson 
et  al,  1986)  or  measures  of  the  auditory 
evoked  potential  (Henderson  et  al,  1983)  Per¬ 
manent  threshold  shifts  were  computed  from 
the  mean  of  three  preexposure  audiograms 
and  at  least  three  audiograms  taken  30  days  af¬ 
ter  exposure.  The  behaviorally  trained  animals 
were  tested  at  octave  intervals  from  0.125  kHz 
through  8  kHz  including  the  half-octave  points 
1.-4,  2  8,  and  5-7  kHz.  Evoked  potential  thresh¬ 
olds  w’ere  measured  at  octave  intervals  from 
0  5  to  16  kHz  and  at  the  11.2-kHz  point.  For 
each  animal,  measures  of  compound  threshold 
shift,  PTS,  and  quantitative  histology  (cochleo- 
grams)  were  obtained.  In  the  analysis  that  fol¬ 
lows,  only  PTS  data  will  be  discussed. 

Series  I  Exposures  (N  =  118) 

Animals  were  exposed  at. a  normal  inci¬ 
dence  (i  e.,  the  plane  of  the  external  canal  was 
parallel  to  the  speaker  exit  plane)  to  100  im¬ 
pulses  presented  at  the  rate  of  1  every  3  sec- 
onds,:This  scries  of  exposures  consisted  of  20 
groups  of  animals,  with  five  to  seven  animals 
per  group.  The  stimuli  were  narrow-band  im¬ 
pulses  produced  by  passing  a  digital  impulse 
through  a  four-pole  Learner-type  digital  band¬ 
pass  filter  (Gold  and  Rader,  1969).  Following 
analog  conversion,  the  signal  was  transduced 
through  an  Altcx  515  B  speaker  in  a  model 
815  enclosure.  The  filter  bandwidth  was  inde¬ 
pendent  of  center  frequency,  with  steep  atten¬ 
uation  outside  the  passband  permitting  the 
synthesis  of  equal  energy  Impulses  at  a  variety 
of  center  frequencies  while  assuring  minimal 
spread  of  energy  to  other  frequencies.  The 
center  frequencies  of  the  six  sets  of  impulses 
varied  from  260  to  3,350  Hz,  The  bandwidth 
of  the  impulses  was  approximately  400  Hz. 
Impulse  peaks  were  varied  from  124  to  146 
dB.  For  each  of  the  exposure  conditions  listed 
in  Table  30-1  the  total  SEL  was  computed  as 
follow’s  (Young,  1970): 

f  p2(t)dt 

SEL  a  lOlog.oJijT^ 

wherc  tr  =  1  second,  pf  ®  20  pPa.  Figure  30*1 
illustrates  an  example  of  the  pressure  time  his- 


Frequency  (Hz) 

Figure  30-1  Examples  of  the  775  Hr  (A)  and  1,350  Hz  (D)  center  frequency  impulses  of  the  Scries  1  exposures 
along  with  their  rcspecthe  spectra. 


TABLE  30-2  Exposure  Conditions  for  the  Seven  Groups  Used  for 
Scries  II  Exposures 


WAVE  TYPE 

PEAK  $PL(dB) 

TOTAL  SEL  (dB) 

TOTAL  P-SEL  (dB) 

TOTAL  P'*SEL  (dB) 

High  Peak 

147 

1308 

1276 

133.4 

low  Peak 

139 

130.3 

127.2 

132.9 

High  Peak 

139 

1230 

119.9 

1256 

Low  Peak 

13! 

122.4 

119.3 

1250 

High  Peak 

135 

119.1 

1158 

1216 

Low  Peak 

127 

1185 

1153 

121.0 

High  Peak 

131 

115,1 

II  1.9 

117.5 

lories  of  the  775*11*  and  1,350  Hz  center  fre¬ 
quency  impulses  along  with  their  respective 
spectra. 

Series  li  Exposures  (N  =  42) 

Animals  were  exposed  at  a  normal  inci¬ 
dence  to  100  impulses  presented  at  the  rate  of 


1  every  3  seconds.  There  were  seven  different 
exposure  conditions  (Table  30-2)  to  which 
seven  groups  of  animals  were  exposed.  Each 
group  contained  six  animals.  Two  types  (low 
peak  and  high  peak)  of  relatively  broad  band 
impulses  with  identically-shaped  amplitude 
spectra  were  synthesized  digitally  (Patterson 
ct  a 1,  1986).  The  peak  sound  pressure  level 
(SPL)  of  the  impulses  was  varied  from  127  to 
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147  dB  Hearing  threshold  data  were  obtained 
using  the  avoidance  conditioning  procedure. 
Figure  30-2  illustrates  the  pressure-time  histo¬ 
ries  of  typical  high-  and  low-peak  impulses 
along  with  their  common  spectrum. 

Series  III  Exposures 
(N  =  315) 

Animals  were  exposed  at  a  normal  inci¬ 
dence  to  either  1,  10,  or  100  impulses,  pre* 
sented  at  the  rate  of  or  1  every  10  seconds  at 
intensities  of  1 50, 155,  or  1(50  dB  peak  SPL  All 
of  the  above  combinations  of  number,  repeti¬ 
tion  rate,  and  peak  yielded  21  different  expo¬ 
sure  groups  with  five  animals  per  group.  The 
impulses  were  generated  by  a  compressed-air- 
driven  shock  tube.  This  set  of  21  exposures 
was  repeated  using  waves  generated  by  three 
shock  tubes  of  different  diameters  that  pro¬ 
duced  blast  waves  whose  spectrum  peaked  at 
three  different  locations  of  the  audible  spec¬ 
trum.  The  pressure-time  traces  and  spectral 
analysis  of  these  waveforms  are  shown  in  Fig¬ 
ure  30-3.  In  addition,  the  A-wcightcd  octave 
band  energies  are  shown  In  Figure  30-4  so 
that  comparisons  could  be  made  for  each 
wave  from  each  source.  Because  of  the  high 
levels  of  very-low-frequency  energy  in  these 
blast  waves,  the  resolution  at  the  high  fre¬ 
quencies  is  poor  if  unweighted  energies  are 
plotted.  For  further  details  sec  Hamernik  and 
!l$ueh  (1990),  Table  30-3  summarizes  the 
conditions  for  the  Series  III  exposures.  Only 
the  SELs  for  the  100-impulse  conditions  are 
tabulated.  Successive  10-dB  adjustments  need 
to  be  made  to  obtain  the  10-impulse  and  the 
1-impulsc  SEL  values.  All  animals  in  this  scries 
were  tested  using  the  auditory  evoked  poten¬ 
tial  procedures. 


Results 

The  results  of  each  series  of  exposures  arc 
presented  separately,  and  the  methods  used  to 
analyze  the  N1PTS  data  from  each  scries  are 
explained. 

Series  I  Exposures 

For  each  of  the  20  groups  of  animals  that 
were  exposed  to  the  narrow-band  impulses,  a 
mean  PTS  evaluated  at  1, 2,  and  4  kHz 
was  computed,  and  the  groups  were  com¬ 
pared  on  the  basis  of  SEL.  This  data  set  is 
shown  in  Figure  30-5.  The  group  mean  PTS 


from  each  set  of  the  two  to  lour  groups  of  an¬ 
imals  that  make  up  an  intensity  series  for  a 
specific  characteristic  frequency  (CF)  impulse 
behaves  in  an  orderly  manner,  with  rfsx24  in¬ 
creasing  in  an  approximately  linear  fashion 
with  increasing  SEL. 

The  relative  susceptibility  to  NIPTS  is 
seen  to  be  a  function  of  the  impulse  center 
frequency,  with  the  lower-frequency  impulses 
producing  relatively  little  NIPTS  even  at  the 
higher  SELs.  A  relative  frequency  weighting 
function  can  be  derived  from  the  data  pre¬ 
sented  in  Figure  30-5  by  shifting  each  fre¬ 
quency-specific  data  set  along  the  SEL  axis  the 
amount  that  is  necessary  to  collapse  the  data 
into  a  single  PTS/SEL  function  using  one  of  the 
exposures  as  a  “zero”  reference. 

Such  a  data-shifting  process  was  carried 
out  “by  eye”  to  produce  a  best  fit  using  the 
1,350-Hz  series  of  data  as  the  reference  point. 
The  amounts  shifted  were  260-Hz  CF  im¬ 
pulses,  -20  dB;  775-Hz  CF  impulses,  “7.2  dB, 
1,025-Hz  CF  impulses,  -4  dB;  1,350-Hz  CF 
impulses,  0  dB;  2,450-Hz  CF  impulses,  -4  dB; 
and  3,550-Hz  CF  impulses,  44  dB.  The  re¬ 
alignment  of  the  data  that  such  a  shift  pro¬ 
duces  is  shown  in  Figure  30  6,  and  the  weight¬ 
ing  function,  thus  obtained,  is  shown  plotted 
(solid  line  with  symbols)  in  Figure  30-7, 
where  it  is  compared  to  the  conventional 
A-weightlng  function  (solid  line).  The  new 
empirical  weighting  function  is  referred  to  as 
P-weighting  in  the  legends  for  these  figures.  A 
linear  regression  through  the  shifted  data  set 
showed  a  correlation  coefficient  of  0  89  with  a 
slope  of  2.6  dB  PTS  per  decibel  P-weiglited 
SEL  (P-SEL)  and  a  threshold  for  the  onset  of 
«>i.2.4  of  1 16  dB  P-SEL  The  empirical  function 
derived  from  the  narrow-band  impulse  data  is 
seen  to  differ  from  the  A-wcigliting  function 
by  as  much  as  10  dB  at  the  low  frequencies. 
Also  evident  in  this  figure  is  the  anomalous  be¬ 
havior  of  the  data  point  produced  by  the  ex¬ 
posures  to  the  2,450-Hz,  CF  impulses. 

Series  II  Exposures 

The  detailed  histologic  and  audiometric 
results  of  this  series  of  exposures  have  been 
published  by  Patterson  et  al  (1985,  1986), 
The  2.4  data  from  this  scries  of  seven  expo¬ 
sures  is  shown  plotted  as  a  function  of  the  SEL 
and  the  P-SEL  in  Figure  30*8.  The  latter  was 
obtained  by  applying  the  empirical  weighting 
function  (Fig.  30-7)  to  consecutive  octave 
bands  of  the  spectrum  of  the  Senes  II  expo¬ 
sures.  Also  included  in  this  figure  are  the 
shifted  (or  P-weightcd)  data  points  from  the 


Freauency  (Hz) 

Figure  30*2  Examples  of  the  Senes  II  Impulses  and  ihclr  common  spectrum.  A,  The  high  peaked  147-dB  peak  SPL 
Impulse.  D,  The  low  peaked  139-dB  Impulse.  C,  The  spectrum  of  each  of  the  above,  approximately  equal  energy. 
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Series  !  exposures.  It  is  evident  that  the 
P-weighting  function  docs  not  have  the  dc* 
sired  effect  of  increasing  the  degree  of  congru* 
cncc  between  the  Series  I  and  II  exposures 
Because  the  Scries  II  exposures  had  substan* 
tial  energy  in  the  2-kIIz  region  of  the  spec¬ 
trum,  it  was  apparent  that  the  effect  of  apply¬ 
ing  the  empirical  weighting  function  to  this 
region  of  the  spectrum  would  shift  the  Series 
II  data  points  in  the  wrong  direction.  How- 
ever,  if  the  empirical  P-weighting  function  is 


extrapolated  as  shown  by  the  dolled  portion 
of  Ihe  function  in  Figure  30-7,  and  then-used 
to  weight  the  Series  II  impulses,  the  agree¬ 
ment  between  the  Series  I  and  Series  II  data 
becomes  good,  as  seen  in  Figure  30-9  A  linear 
regression  anal)  sis  (solid  line)  of  the  entire 
data  set  from  the  Scries  I  and  Series  II  expo¬ 
sures  shows  a  correlation  coefficient  of  0.91.  a 
slope  of  2.5,  and  an  X-intercept  of  116  dB 
This  modified  weighting  function  is  referred 
to  as  P'-weighting. 


♦Correspond  SEL  and  P'-SEL  values  for  the  10-impuUe  and  I -impulse  conditions  can  be  obtained  by  making  the 
appropriate  I0-d8  adjustments 


Figure  30-5  Ihe  group  mean 
permanent  threshold  shift  (ITS) 
evaluated  at  1, 2,  and  4  kHz 
(rnu<)  as  a  function  of  the  total 
sound  exposure  level  for  the  six 
groups  exposed  to  the  Series  1 
narrow-bind  Impulses. 


Sound  Exposure  Level  (dB) 


Figure  30-6  The  permanent 
threshold  shift  at  1, 2,  and  4  kHz 
(r?>i  £«)  as  a  function  of  the 
empirically-derived  P-v  righted 
sound  exposure  level  for  all  the 
Series  I  exposures.  The  regression 
line  has  a  slope  of  16  and  an 
X  intercept  of  U6  dB. 
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Figure  30-7  The  empirical  P  weighting  function  derived  from  the  Scries  I  exposures  along  with  the  comentional 
A'wcightlng  function  and  the  P‘-weighting  function  inferred  from  the  Series  II  and  IH  experiments. 
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Figure  30-8  The  permanent 
threshold  shift  at  I,  2,  and  4  Ulz 
{rnt%li)  from  the  Series  U 
exposures  shown  as  a  function  of 
unweighted  and  P-welghted  sound 
exposure  level  compared  to  the 
n>li2  *  versus  P*wclghted  sound 
exposure  level  of  the  Series  I 
exposures. 


Sound  Exposure  Level  (dB) 


Series  III  Exposures 

One  problem  ihat  seems  to  characterize 
the  measurement  of  PTS  following  exposure 
to  these  high  peak  levels  of  Impulse  r.oisc  is 
extreme  Intersubject  variability.  A  number  of 
authors  have  commented  on  this  problem  in 
the  past,  including  Kryter  and  Garinther 
( 1965)  and  Henderson  and  Hamermk  ( 1982). 
Price  (1983,  1986)  also  reported  .arge  inter¬ 
subject  variability  when  measuring  threshold 
shifts  in  cats  that  had  been  exposed  to  blast 


waves  that  were  similar  to  some  of  the  im¬ 
pulses  in  the  Series  III  exposures.  Another 
problem  is  the  excessive  time  necessary  to 
run  an  experimental  animal  through  a  com¬ 
plete  experimental  paradigm  of  audiometric 
and  histologic  protocols,  thereby  effectively 
limiting  the  number  of  animals  in  each  exper¬ 
imental  group  and  hence  the  statistical  power. 
On  the  basis  of  a  preliminary  analysis  of  the 
PTS  data  (using  analysis  of  variance),  it  was 
apparent  that  the  effects  on  PTS  of  the  differ¬ 
ent  impact  presentation  rates  were,  at  best, 


AN  EXPERIMENTAL  BASS  FOR  THE  ESTIMATION  OF  ALDXTOXY  SVETEM  IttZUED 


345 


figure  30-9  Permanent  threshold 
shrft  31  J,  2,2nd  4  kHz  (rS,i4) 
obtained  fcoci  ibc  Senes  1 2nd 
Series  II  exposures  as  a  function  of 
P-  and  P'-wogteed  sound  exposure 
lewis,  respectively.  The  bacar 
regression  line  was  competed  using 
all  the  points  shown  plotted  in  this 
,6gurc  Ximererpt  “  1 16  dll.  slope 

«25. 


Sound  Exposure  Level  (d3) 


marginal  statistical  effects.  Thus,  a  decision 
was  made  to  evaluate  all  the  PTS  data  without 
regard  for  presentation  rate.  Also,  because  re¬ 
lations  between  PTS  and  the  increasing  energy 
of  the  stimulus  were  being  sought,  presenta¬ 
tion  rate  did  not  affect  the  independent  vari¬ 
able.  This  effectively  increased  the  number  of 
animals  at  each  SEL  to  15  except  for  the  1-im¬ 
pulse  exposure  conditions.  Total  sound  expo¬ 
sure  or  exposure  level  is  increased  by  increas¬ 
ing  the  peak  SPL  or  the  number  of  Impulse 
presentations. 

For  each  audiometric  test  frequency,  the 
individual  animal  PTS  at  that  frequency'  was 
plotted  as  a  function  of  the  total  unweighted 
SEL  in  the  octave  band  centered  on  that  test 
frequency.  Two  examples  of  this  analysis  at  2 
kHz  and  4  kHz  for  Source  II  arc  shown  in  Fig¬ 
ure  30-10.  For  impact  Sources  I,  II,  and  HI, 
105  individual  data  poinis  for  each  source  at 
each  audiometric  test  frequency  were  plotted 
over  a  range  of  SELs  of  approximately  30  dB, 
The  actual  number  of  data  points  in  each 
panel  of  figure  30-10  is  less  than  105,  because 
a  number  of  apimals  had  the  same  data  coordi¬ 
nate.  Using  data  sets  such  as  those  shown  in 
Figure  30*10,  the  90th  percentile  hearing  loss 
(PTS*,)  was  computed  for  each  SEL  at  each  oc¬ 
tave  frequency  from  0.5  to  16  kHz.  The  PTS*)  at 
any  frequency  was  computed  as  follows: 

PTS*)  =>  X  +  stl0 

where  x  is  the  group  mean  PTS,  t  ,0  is  the 
value  of  t  below  which  90  percent  of  the  PTS 


Figure  30-10  Two  examples  that  illustrate  the  individ¬ 
ual  animal  permanent  threshold  shift  (PIS)  values  at  2 
and  4  kHz  following  the  Senes  HI  exposures  to  Source 
II.  The  solid  symbols  represent  the  90th  percentile  val¬ 
ues  of  the  PTS  at  the  vanous  exposure  energies. 
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Figure  30-11  Tbc  caa  ot  tbc 
90ch  pcrraxSe  penarxnt 
threshold  s&S  (P75)  measured  at 
1. 2. 23cM  LHr  for  a3  c/ the 
^grocp*  exposed  to  ihc  Series  in 
sspeba  as  a  fcact-ea  of  the 
P''VdjJscd  socad  exposure 
loxL  A  fce2f  rcjrcsjioa  ruhw  v 
(solid  Kae)  jxfcfe  a  slope  of ' 
approxinmrh-  2X)  2nd  23 
X-taicrccpc  of  113  dB. 


Figure  30-12  The  mean 
permanent  threshold  shift  (PTS) 
produced  by  exposures  to  the 
Series  1*11,  and  III  impulses  as  a 
function  of  the  P'-unghted  sound 
exposure  IcvcL  The  equation  for 
the  linear  regression  line  (solid 
line)  is  also  given. 


^Weighted  Sound  Exposure  Level  (dB) 


data  Iics,,s  Is  ihc  group  standard  deviation. 
This  procedure  j'iekls  nine  percentile  points 
for  each  test  frequency,  shown  b)  the  filled 
symbols  in  figure  30-10,  i  c.,  three  peak  levels 
for  each  of  three  numbers  of  impacts.  This  ex¬ 
ercise  was  repeated  for  each  of  the  six  octave 
test  frequencies  and  for  each  of  the  three 
sources. 

From  this  set  of  frequency -specific  90th 


percentile,  points,  a  90th  percentile  m1<w  was 
computed  for  each  exposure  group  and  plot¬ 
ted  as  a  function  of  the  P'-weighted  SELs  (P'- 
SELs),  These  results  are  shown  in  figure 
30-11.  The  P'-weighting  has  the  effect  of  col¬ 
lapsing  all  the  shock  tube  data  into  a  reason¬ 
ably  cohesive  pattern  for  which  a  linear  re¬ 
gression  produces  a  relation  between 
and  P'-SEL  whose  correlation  coefficient  is 
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O.^J.  A  threshold  fbr  the  onset  of  of  1 13 
dB  SEL  and  a  slope  of  approximately  2  dB 
rr^ix.*  1°*  cadi  dedbd  of  P'-SEL  deserves  the 
equation  of  this  regression  line. 

-t  Figure  3042  shows  the  entire  data  set 
from  the  Series,  I,  II,  and  HI  exposures  plotted 
as  a  function  of  the  P‘<SEL  As' a  first  approxi¬ 
mation  life  P'-wrighting  function  has  the  de¬ 
sired  effect  of  unifying  the  FTS5EL* relation 
following  a  diverse  series  of  impulse  noise  ex¬ 
posures-  The  correlation  coefficient  between 
the  PT5  and  weighted  SEL  variables  is  approx¬ 
imately  0.9.  • 

Conclusion 

We  have  presented  a  preliminary  analysis 
cf  a  large  experimental,  database  obtained 
from  475  chinchillas  that  were  exposed  to  a 
variety  of  impulsc/blast  wave  noise  transients. 
This  analysis,  although  encouraging  in  its  abil¬ 
ity  to  unify  the  PTS  data,  is  considered  prelim¬ 
inary  because  only  a  portion  of  the  data  that 
will  eventually  be  available  have  been  ana¬ 
lyzed  In  addition  to  the  results  presented,  the 
following  data  sets  will  ultimately  be  entered 
into  the  database  for  a  final  analysis:  (1)  non- 
roerberant,  high-frequency.  Series  III- type 
impulses  (N  =  105);  (2)  a  more  detailed  ex¬ 
ploration  of  the  1-  to  8-kHz  region  of  the  em¬ 
pirical  weighting  function  using  the  Scries  1 
narrow-band  impulses  (N  =  50 y,  (3)  highly- 
rcncrbcrant  Series  Ill-type  impulses  (N  = 
300);  and  (4)  all  sensory’  cell  loss  data  from 
the  above  exposures.* 

The  surprising'/ order  that  is  imposed  on 
the  PTS  data  bj'The  P'-wcighling  Junction  is 
encouraging  and  tends  to  lend  some  validity 
to  the  methods  used  in  the  analysis,  i  c.,  the 
organization  of  group  mean  data  averaged 
over  several  frequencies  and,  in  the  Series  111 
exposures,  the  use  of  a  90th  percentile  PTS. 
The  analysis  presented  would  indicate  that  de¬ 
spite  the  problems  and  inconsistencies  in 
some  of  the  data  obtained  from  high-level  im¬ 
pulse  noise  that  have  been  described  in  the  lit¬ 
erature,  the  use  of  large  samples  and  the  sys¬ 
tematic  variation  of  exposure  conditions  can 
yield  a  database  that  reflects  some  underlying 
order  ?nd  can  be  useful  in  developing  expo¬ 
sure  criteria.  These  data  have  shown  that  us¬ 
ing  electroacoustic  methods  and  narrow-band 
Impulses,  a  Weighting  function  appropriate  for 
high-level  blast  waves  can  be  established.  This 
weighting  function  also  may  be  appropriate 
for  use  in  the  evaluation  of  industrial  impact 
noise  data. 


The  empirical  P’- weighting  function  pre¬ 
sented  in  figure  30-7  has  a  low-frequency  seg¬ 
ment  (Lc.,  below  1.5  kHz)  with  a  slope  of  ap¬ 
proximately  10  dB  per  octave,  which  is 
greater  than  the  low-frequency  slope  of  either 
the  A -weigh ling  function  or  the  "relative  sus¬ 
ceptibility*  curve  presented  by  Price  (1983). 
This  indicates  a  much  smaller  hazard  from  the 
lowcr-frcqucncy  components  of  the  impulse 
noise  spectrum  than  previously'  believed. 
Above  1.5  kHz  the  A-w  righting  function  is  rel¬ 
atively  fiat,  whereas  the  Price  susceptibility 
curve  rises  monotonically  at  about  18  dB  per 
octave  above  3  kHz.  The  P'*wcighting  curve 
provides  no  evidence  relevant  to  this  part  of 
the  spectrum.  The  unusual  feature  of  the  em¬ 
pirical  P'-wrighting  function  is  the  2,450-Hz 
point  When  the  weighting  indicated  by  this 
point  is  applied  to  the  2-kHz  octave  band  en¬ 
ergy  of  the  impulse  of  the  Series  II  or  Series  111 
data,  the  effect  is  to  decrease  the  correlation 
coefficient  between  the  rii,A*  and  the  P-SEL 
(The  actual  weighting  used  at  the  2-kHz  oc¬ 
tave  band  is  the  value  obtained  by  linear  inter¬ 
polation  betw  een  the  1,350  Hz  and  2,450-Hz 
data  points.)  Although  the  2,450-Hz  point  ap¬ 
pears  to  be  inconsistent  with  the  rest  of  the 
P'-wrighting  function,  it  should  be  noted  that 
this  point  is  the  result  of  a  consistent  set  of 
data  that  was  obtained  from  four  different  ex¬ 
posure  groups  (N  -  24).  If,  however,  the  P'- 
wrighting  function  is  used — Lc.,  an  attenua¬ 
tion  factor  of  -5  dB  is  applied  to  the  2-kHz 
octave  band  energy  of  the  Series  II  and  Series 
III  impulses — the  correlation  coefficient  be¬ 
tween  and  the  weighted  exposure  level 
increases  to  more  than  0.9  (see  Figures  30-9 
and  30-11).  This  result  seems  to  indicate  that 
the  appropriate  weighting  function  to  be  ap¬ 
plied  to  an  impulse  spectrum  is  not  a  simple 
monotonic  function,  as  implied  by  A-weight- 
ing  or  the  Price  susceptibility  curve,  but 
rather  a  more  complex  function  (at  least  in 
the  chinchilla)  at  frequencies  above  approxi¬ 
mately  1  kHz.  The  data  of  von  Bismarck 
(1967)  on  the  external  car  transfer  function 
and  the  multifrcqucncy  impedance  data  of 
Henderson  (personal  communication),  along 
with  the  intracochlcar  pressure  measurements 
of  Patterson  ct  al  (1988),  would  indicate  that 
such  nonmonotonic  behavior  is  to  be  ex¬ 
pected. 

In  conclusion,  if  a  suitable  weighting  func 
lion  can  be  established  empirically  it  could 
then  be  applied  to  the  spectrum  of  an  impulse 
to  develop  an  energy-based  approach  to  the 
establishment  of  criteria  for  exposure  to  a 
wide  variety  of  noise  transients 
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-  Bases  Experimentales 
Relatives  a  i’Estimation 
d.es  Rlsques  de 
-  (’Exposition  aux  Bruits 
Impulsionnels 

L’analysc  dcs  rcsultats  dc  deux  series  ex- 
perimen  talcs  portant  sur  l’cxposition  a  deux 
tjpes  de  bruits  impulsionnels  tres  diffcrcnts 
cst  presentee  Lcs  valcurs  sont  basccs  sur  des 
rcsultats  obtenus  sur  plus  dc  deux  cents  ani- 
nuux  dc  laboratoirc  (chinchillas)  chcz 
lesquek  lcs  pertes  auditives  (PTS)  ct  lcs 
penes  de  cellules  sensoricllcs  (SCL)  ont  etc 
mesurecs.  Lcs  premieres  series  depositions 
furent  rcalisces  cn  utiJisant  dcs  impukions  rc- 
alistes  caractcrktiqucs  des  tirs  dc  trok  armes 
diffcrentcs  (type  Fricdlander).  Ccs  impukions 
sont  produces  cn  utilisant  trok  sources  differ- 
entes  actionnecs  a  Fair  comprime  (tubes  a 
choc),  Elies  component  unc  distribution  spec- 
tralc  d  cnergic  dc  large  bandc  avee  des  pics  dc 
bandes  d’oetave  pondcres  A  situes  a  0,25;  1,0; 
ct  2,0  kHz.  Lcs  nhcaux  dc  crctc  \ont  de  150  a' 
160  dB  SPL.  Lcs  sccondcs  scries  d’impukions 
etaient  synthctisccs  par  ordinstcur  a  panlr  de 
bandes  ctroitcs  (~  250  Hz)  reproduites  par 
un  haut  parleur  dc  forte  puissance.  Ccs  impul- 
sions,  dont  lc  niveau  crctc  variait  dc  124  d 
H6  dB  SPL  avuient  dcs  frequences  centrales 
dc  six  valeurs  diffcrentcs  situccs  entre  0,15  ct 
3,50  kHz.  A  panir  dc  chacun  des  deux 
groupcs  dcresultats,  un  niveau  Icsionnel  con¬ 
stant,  defini  cn  termes  dc  PTS  ct  de  SCL  hit 
mk  cn  relation  avec  Ic  spectre  d’cncrgic  ct  lcs 
nhcaux  deposition  globaux  de  chaquc  expo¬ 
sition.  Les  differences  ct  lcs  similitudes  trou- 
'ccs  parmi  Pcnscmble  dcs  relations  dc  cc  type 
obtenues  avec  l’unc  ct  l’autrc  sources 
d  impukions  ainsl  que  la  valcur  prcdicthc  dc 
ccs  relations  sont  dkcutees. 
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CHAPTER  31 


Importance  of  Spectrum  for  Rating 
Hazard:  Theoretical  Basis 

G.  RICHARD  PRICE 


ing  the  question  of  the  importance  of 
spectrum  in  rating  auditor)’  hazard  may  at  first 
glance  seem  like  the  resurrection  of  an  issue 
long  since  put  to  rest.  More  than  a  century 
ago,  Helmholtz  would  have  been  comfortable 
with  the  idea  that  the  ear  is  spectrally  tuned, 
contemporary  textbooks  introduce  students 
to  the  familiar  U-shapc  of  the  audiogram, 
which  dearly  demonstrates  that  the  human 
car  is  most  sensitive  in  the  mid  frequencies. 
Furthermore,  regulatory’  bodies  in  the  govern 
ments  of  many  countries  have  accepted  the 
idea  of  using  A-wcighting  in  the  assessment  of 
auditory  hazard,  testimony  to  the  notion  that 
spectrum  is  a  useful  concept  in  rating  hazard. 

On  the  other  hand,  scientific  interest  in 
spectrum  and  hazard  continues  (sec  for  exam¬ 
ple  Decory.  and  Dancer;  Hamcmik  and  Patter¬ 
son,  Hctu  ct  al;  Liang;  and  Smoorenburg).  For 
industrial  noises,  there  is  the  question  of 
whether  a  simple  A-weightcd  measure  of  en¬ 
ergy’  is  adequate  to  rate  hazard,  given  that  it 
“explains*  so  little  of  the  variance  in  the  data. 
And  for  really  intense  sounds,  like  gunfire, 
only  France  uses  a  frequency-weighted  mea¬ 
sure  of  hazard  (Ministry  of  Defense,  1982a), 
whereas  the  rest  of  the  world’s  impulse  noise 
criteria  depend  on  measures  of  peak  pressure 
and  duration  (CHABA,  1968;  Cheng  ct  al, 
1987;  Ministry  of  Defense,  I982a,b;  Pfandcr, 
1975)«-At  the  same  time,  research  with  in¬ 
tense/  impulsive  sounds  seems  to  indicate  that 
spectrum  has  a  major  effect  on  susceptibility’ 
(Dancer  ct  al,  1985;  Price,  1986).  The  issue  of 
the  importance  and  use  of  spectrum  in  rating 
noise  hazard  is  in  fact  far  from  settled. 

The  major  proposition  of  this  chapter  is 
that  approaching  hazard  assessment  in  spectral 
terms  may  be  useful.  Calculation  of  spectral 
information  can  be  thought  of  as  a  sort  of 
mathematical  model  of  important  processes 


associated  with  hazard.  Insofar  as  a  model 
matches  the  behavior  of  the  system  being  de 
scribed,  the  application  of  the  model  should 
be  simple.  If,  on  the  other  hand,  the  model  be¬ 
haves  differently  than  the  system  in  important 
way’s,  then  the  application  of  the  model 
should  be  constrained  to  allow  for  such  mis¬ 
matches.  Therefore,  1  examine  the  relationship 
between  the  calculated  spectrum  of  a  sound' 
and  the  prediction  of  the  ear’s  response  to  it 
in  order  to  identify’  the  range  of  conditions  in 
which  spectral  information  might  be  useful 
and  to  identify  those  areas  in  which  the  spec¬ 
trum  may  not  be  related  to  the  ear’s  behavior 
and  thus  not  be  a  useful  predictor  of  hazard. 

This  chapter  is  focused  on  developing  the 
relationship  between  spectral  measures  of 
sound  and  the  application. of  those  measures 
to  the  assessment  of  noise  hazard.  I  make  no 
pretense  of  developing  the  mathematical  basis 
for  spectral  analysis  or  of  preparing  a  guide  to 
the  practical  application  of  spectral  analysis  to 
specific  noise  measurements.  Tins  chapter 
should  promote  insight  into  the  problems  as¬ 
sociated  with  the  application  of  spectral  con¬ 
cepts  to  the  interpretation  of  the  effect  of  in¬ 
tense  sound  on  the  car  and  establish  some 
range  of  conditions  over  which  spectral  analy¬ 
sis  might  be  useful. 

A  Spectra!  Model 

Most  of  us  have  an  intuitive,  albeit  impre¬ 
cise,  appreciation  of  spectrum,  perhaps  be¬ 
cause  of  the  association  bctwe?n  the  spectrum 
of  a  sound  and  the  auditory  experience  of 
pitch  and  timbre.  Spectrum  can  be  defined 
precisely  in  the  mathematical  realm  by  means 
of  the  Fourier  integral,  but  as  a  formula  it  re¬ 
mains  something  of  an  abstraction  As  an  aid  in 
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thinking  about  spectium,  a  mechanical  anal¬ 
ogy  may  be  useful,  at  least  for  those  of  us  who 
find  mechanical  analogies  intellectually  conge¬ 
nial.  An  image  put  forward  by  Trent  (I960) 
and  further  developed  by  Kalb  (1982)  is  that 
of  a  bar  from  which  are  suspended  undamped, 
tuned  oscillators,  represented  in  Figure  31-1 
as  a  graded  scries  of  weights  suspended  from 
springs.  IF  the  bar  moves  so  that  its  velocity  is 
proportional  to  the  instantaneous  pressure 
during  an  analysis  period,  then  the  oscillator 
amplitudes  at  the  end  of  t he  analysis  period 
match  the  components  of  the  pressure  spec¬ 
tral  density.  At  this  point  we  can-  see  the 
‘"spectrum*’  of  the' noise  in  the  amplitude  of 
each  of  the  oscillators  (the  size  of.  the  enve¬ 
lope  drawn  at  the  limit  of  the  balls’  travel  in 
Fig  31-1).  But  this  insight  has  been  gained  at  a 
price.  Specifically,  we  have  lost  track  of  the  in¬ 
stantaneous  events  that  resulted  in  the  final 
pattern  we  sec  when  the  analysis  interval  is 
ended.  Patterns  of  vibration  could  have  built 
up  and  canceled,  but  the  spectrum  shows  only 
the  final  result  For  sonic  purposes  this  loss  of 
temporal  detail  inherent  in  moving  from  the 
time  domain  into  the  frequency  domain  may¬ 
be  of  no  consequence;  but  if,  for  instance,  the 
instantaneous  displacements  of  the  oscillators 
w-crc  an  issue,  the  spectrum  might  not  reveal 
essential  information  or  it  could  distort  impor¬ 
tant  details.  Succeeding  sections  of  this  chap¬ 
ter  identify  situations  in  which  these  consider¬ 
ations  might  be  relative  to  predicting  hazard 
from  intense  sounds. 


Utility  of  Spectrum 

The  Problem  of  Linearity 
and  Continuity 

In  applying  spectral  analysis  to  a  system, 
w-c  implicitly  assume  that  the  system  is  linear. 
With  a  linear  system,  a  transfer  function  is  a 
powerful  way  to  describe  the  behavior  of  the 
system  as  it  responds  to  complex  time-varying 
stimulation.  On  the  other  hand,  nonlincarities 
or  discontinuities  can  lead  to  gross  misrepre¬ 
sentations.  This  Is  a  major  problem  with  the 
application  of  spectral  analysis  to  the  car  in 
two  areas.  Specifically,  the  conductive  path  be¬ 
comes  nonlinear  for  large  displacements 
(Price,  1974;  Price  and  Kalb,  1986)  and,  per¬ 
haps  more  debatable,  the  loss  mechanisms  op¬ 
erating  within  the  cochlea  go  through  a 
change  of  mode,  also  at  high  levels  (Price, 
1981),  Much  might  be  debated  about  the  spe¬ 
cifics  of  these  points,  but  their  general  impact 


will  be  apparent  in  appropriate  sections  of  the 
discussion. 

Range  of  Application 

Where  might  we  expect  spectrum  to  be  a 
useful  concept,  and  over  w-hat  range  of  condi¬ 
tions  might  wc  expert  it  to  provide  useful  in¬ 
sights’ 

Conductive  Path 

The  most  obvious  point  is  that  the  mech¬ 
anisms  that  conduct  sound  to  the  cochlea  are 
spectrally  tuned  and  therefore  play  a  major 
role  in  determining  cochlear  input.  A  great 
dear  of  research  and  time  has  been  invested 
over  the  last  50  years  in  determining  the 
acoustic  properties  of  mammalian  external 
and  middle  ears.  As  a  result,  it  was  determined 
that  they  function  collectively  to  transmit  en¬ 
ergy  to  the  cochlea  best  in  the  mid-range  of 
frequencies  and  to  be  essentially  linear  with 
respect  to  amplitude  over  essentially  the  en¬ 
tire  normal  physiologic  range.  The  middle  car 
transmits  most  efficiently  at  its  resonant  fre¬ 
quency',  near  I  0  kHz  for  the  human.  At  fre¬ 
quencies  below  resonance,  the  efficiency  of 
transmission  falls  off  primarily  because  struc¬ 
tures  arc  not  sufficiently  compliant;  at  fre¬ 
quencies  above  resonance,  sensitivity  declines 
primarily  because  the  structures  arc  too  mas¬ 
sive.  The  external  ear  acts  as  a  resonator  and 
extends  the  region  of  maximum  sensitivity  up- 
ward  about  two  octaves,  so  that  the  ear  is  an 
efficient  collector  of  energy  for  perhaps  a  3-  or 
4-octave  range;  but  it  rapidly  becomes  less 
sensitive  at  both  higher  and  lower  frequen¬ 
cies.  This  pattern  of  sensitivity  is  reflected  in 
psychoacoustic  functions  such  as  the  mini¬ 
mum  audible  pressure  and  equal  loudness 
contours,  from  which  the  A -weigh ting  curve  is 
derived  The  theoretical  basis  for  the  spectral 
tuning  of  the  ear  (at  least  from  the  free  field  to 
the  stapes)  is  thus  well  established,  at  least  for 
the  range  of  intensities  for  which  the  middle 
car  is  linear. 

An  additional  element  in  the  conductive 
chain,  the  mlddle-v*ar  muscle  system,  also 
tends  to  reinforce  the  same  pattern  of  stimula¬ 
tion.  The  middle-ear  muscles  arc  active  during 
noise  exposures,  the  pattern  of  action  varying 
over  time  in  a  complex  fashion;  but  they  have 
long  been  known  to  have  their  greatest  atten 
uating  effect  on  the  low  frequencies  and  to 
leave  the  mid  range  much  less  affected  (Wig- 
gers,  1937).  Therefore,  the  middle-car  muscle 
system  acts  to  further  sharpen  the  tuning  of 
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Figure  31*1  Model  spectral 
analyzer  at  the  end  of  the  analysis 
interval  showing  the  pattern  of 
response  in  the  graded  scries  of 
oscillators. 


the  ear  by  selectively  alternating  the  sounds 
below  the  resonant  frequency. 

Cochlea 

Actual  damage  to  the  car,  however,  is  pri¬ 
marily  a  function  of  changes  inside  the  co¬ 
chlea  How  do  spectral  concepts  fit  at  that 
level*  Given  that  the  intracochlcar  structures 
are  uniformly  graded  from  base  to  apex  with 
no  apparent  discontinuities,  it  is  reasonable  to 
expect  that  when  the  auditor)'  system  is  stim¬ 
ulated  with  loud  sounds,  the  effect  on  the  in¬ 
ner  car  will  reflect  the  spectral  shaping  of  the 
middle  and  external  ears.  And  this  is  essen¬ 
tially  the  case.  Kryter  ct  al  (1966)  plotted  the 
ear’s  susceptibility  to  continuous  and  intermit¬ 
tent  noise,  incorporating  a  great  deal  of  noise 
research  in  which  ears  had  been  exposed  to 
bands  of  noises  at  different  frequencies.  Their 
plot  of  tolerable  exposures  specifically  took 
spectrum  into  account  by  allowing  the  lowest 
exposure  to  bands  of  noise  in  the  mid  range, 
where  the  ear  is  tuned  best,  and  progressively 
more  exposure  at  higher  and  lower  frequen¬ 
cies,  where  the  ear  is  tuned  less  well.  A  sim¬ 
pler  and  more  popular  approach  to  the  same 
end  has  of  course  been  the  use  of  A-wcighting 
in  the  assessment  of  auditory  hazard. 

Another  way  of  looking  at  the  same  phe¬ 
nomenon  is  to  consider  the  pattern  of  loss 
when  an  car  is  exposed  to  intense  sounds  in 
the  workplace.  One  of  the  early  audiologic  ob¬ 
servations  was  of  the  “4,096  cycle  notch”  in 
the  audiogram,  now  commonly  taken  as  a  sign 
of  noisc-induccd  hearing  loss.  Two  circum¬ 
stances  act  to  produce  this  effect  In  essence, 
the  spectral  tuning  of  the  ear  is  relatively 


sharp  compared  to  the  spectra  of  the  noises 
commonly  found  in  the  workplace.  The  steep¬ 
est  spectral  slopes  found  in  real  settings  are 
about  £  6  dB  per  octave,  but  the  tuning  of  the 
ear  is  very  much  sharper  than  that.  Therefore, 
the  middle  of  the  cochlea  customarily  re¬ 
ceives  the  maximum  stimulation.  This  combi¬ 
nation  of  conditions  forms  the  physical  basis 
for  explaining  the  common  finding  of  the 
greatest  damage  occurring  in  the  midrange. 

Loss  Mechanisms  Within 

the  Cochlea 

The  discussion  thus  far  has  not  specifically 
addressed  the  fit  of  spectral  information  to 
specific  loss  mechanisms  within  the  cochlea. 
At  this  point  the  discussion  becomes  highly 
speculative  because,  despite  excellent  re¬ 
search  on  the  mechanisms  of  loss  operating 
within  the  cochlea,  wc  still  know  relatively  lit¬ 
tle  about  the  specific  effects  of  intense  stimu¬ 
lation  on  intracochlear  structures,  the  recov¬ 
ery  processes,  etc.  With  that  caveat,  the  fol¬ 
lowing  speculations  are  offered. 

It  is  reasonable  to  suppose  that  for  noises 
that  arc  commonly  present  in  the  workplace, 
the  loss  mechanism  might  be  thought  of  as  ex¬ 
treme  metabolic  demand  on  the  cochlea.  In 
that  case,  some  quantity  like  energy  might  do 
reasonably  well  in  representing  the  stress.  In 
fact,  Ward  ct  al  ( 1983)  have  shown  that,  for 
the  chinchilla,  the  percentage  of  outer  hair 
cells  destroyed  by  continuous  exposure  to  a 
2-octave  band  of  noise  (700  to  2,800  Hz)  is  a 
linear  function  of  the  square  root  of  the  en¬ 
ergy  in  the  exposure,  as  long- as  sound  pres¬ 
sures  are  be!owr  1 14  dB,  Given  that  the  chin- 
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chilla  is  usually  regarded  a 5  somewhat  more 
susceptible  than  the  human  being,  it  is  reason-, 
able  to  suppose  that  for  sound  pressures  up  to 
about  115  dB,  some  measure  of  energy’  in  the 
midrange  would  be  a  good  way  of  characteriz¬ 
ing  hazard  for  the  human  ear. 

It  should  be  recognized  that  whereas 
spectrum  plays  a  role  in  determining  hazard,  it 
is  by  no  means  the  only  determinant  of  the 
hazard  represented  by  a  sound.  For  example, 
there  is  a  great  deal  of  evidence  that  the  tem¬ 
poral  pattern  of  the  presentation,  previous  ex* 
posure  history',  presence  of  ototraumatic 
agents,  and  individual  differences  in  suscepti¬ 
bility  all  affect  the  amount  of  loss.  Spectrum, 
as  important  as  it  may  be,  is  only  one  issue 
among  many. 


Practical  Application 

Calculating  the  Spectrum 

When  we  examine  the  practical  details  of 
calculating  specira,  then  additional  questions 
arise.  In  theory,  the  analysis  interval  is  infi¬ 
nitely  long,  and  the  displacements  of  our  infi¬ 
nite  number  of  undamped  oscillators  could 
grow  forever.  However,  in  the  modem  world 
of  digital  frequency  analysis,  the  analysis  inter¬ 
val  is  finite  and  there  arc  a  limited  number  of 
oscillators  (the  analyzer  has  only  so  much 
memory)  These  practical  issues  influence  the 
number  and  spacing  of  the  bumps  and  dips  in 
the  spectral  display,  which  as  a  result  may  or 
may  not  match  the  behavior  of  tlie  car.  Con¬ 
sider  our  imaginary  frequency  analyzer.  We 
could  suspend  19,981  oscillators  tuned  at 
1-IIz  intervals  from  20  Hz  to  20  kHz  along  the 
bar,  or  we  could  place  30  of  them  at  ‘/j-octave 
intervals,  or  we  might  put  10  of  them  at  1-oc- 
tave  intervals.  All  three  approaches  arc  com¬ 
monly  used  in  spectral  analysis.  However,  the 
critical  question  is;  which  of  these  three  “dis¬ 
plays"  would  be  expected  to  match  just  what 
structures  in  the  car?  Would  other  analysis  In¬ 
tervals  or  frequency  spacings  or  both  do  bet- 
ter?  Docs  this  analysis  work  at  all  sound  pres¬ 
sure  levels,  or  docs  the  behavior  of  the  ear 
change  as  a  function  of  level?  Unraveling  these 
issues  is  not  a  simple  matter. 

Interpreting  the  Spectrum 

With  modern  technology,  spectral  analy¬ 
sis  can  be  performed  with  deceptive  case.  In 
its  most  elemental  form,  a  microphone  sam¬ 
ples  pressure  in  the  free  field  and  its  output  is 


fed  into  a  spectrum  analyzer.  Shortly  thereaf¬ 
ter  one  is  faced  with  the  problem  of  interpret¬ 
ing  an  intriguing  series  of  bumps  and  dips  on  a 
display  that  typically  portrays  frequency  along 
the  horizontal  axis  (usually  a  linear  scale)  and 
some  measure  of  spectral  amplitude,  often  on 
a  logarithmic  scale,  on  the  vertical  axis  Given 
an  interest  in  the  effect  of  intense  sound  on 
hearing  and  knowing  that  the  cochlea  can  be 
characterized  as  a  frequency  analyzer,  it  is 
tempting  to  visualize  the  horizontal  axis  of  the 
spectral  display  as  an  unrolled  cochlea  and  the 
vertical  axis  as  an  analog  of  the  stimulation  re¬ 
ceived  by  the  various  sections  of  the  basilar 
membrane. 

And  why  not  interpret  the  spectral  plot  in 
such  a  fashion?  Several  transformations  would 
make  sense  if  the  spectral  plot  were  to  be  con¬ 
formal  with  the  cochlea.  Given  that  the  wave¬ 
form  analyzed  was  a  frec-ficld  sound  pressure, 
it  would  be  necessary  to  account  for  the  trans¬ 
formations  of  the  external  and  middle  ears  to 
arrive  at  an  estimate  of  the  actual  input  to  the 
cochlea.  In  response  to  sound  pressures  up  to 
120  or  130  dB,  the  middle  and  external  cars 
arc  known  to  be  essentially  linear  and  the 
transfer  functions  arc  known;  hence,  for  sound 
pressures  below  these  levels  such  a  transfor¬ 
mation  would  accurately  indicate  the  spec¬ 
trum  at  the  stapes. 

Tlie  second  transformation  that  moves  us 
from  input  at  the  stapes  to  activity  on  the  basi¬ 
lar  membrane  is  more  tenuous.  What  should 
the  horizontal  axis  show  or,  in  terms  of  our 
model,  how  many  oscillators  should  be  on  the 
bar  and  how  should  they  be  spaced?  Within 
the  cochlea,  frequencies  array,  themselves 
along  the  basilar  membrane  in  an  essentially 
logarithmic  fashion;  but  spectra  are  often  cal¬ 
culated  for  l -Hz  band  widths  or  V)  octave 
bandwidths.  The  problem  of  finding  confor¬ 
mality  between  the  calculated  spcctmm  and 
the  car  is  not  trivial,  and  the  choice  Is  some¬ 
what  arbitrary.  The  I -Hz  bands  provide 
greater  resolution  (more  bumps  and  dips), 
and  Vj  octave  bands  arc  reasonably  close  to 
critical  bands  or  approximately  constant  dis¬ 
tances  along  the  basilar  membrane.  The  im¬ 
portant  issue  is  how  ou;  choice  relates  to  the 
behavior  of  the  ear.  If  we  think  in  terms  of  the 
distribution  and  absorption  of  energy  in  the 
cochlea,  then  it  is  reasonable  to  argue  that 
something  like  a  16-octave  integration  is  anal¬ 
ogous  to  what  actually  happens  in  the  car.  Of 
course,  in  the  ear  the  ^-octave  bands  are  not 
fixed  or  even  exactly  lA  octave  wide,  but  the 
general  logarithmic  “compression”  of  energy 
at  higher  frequencies  is  paralleled. 

But  having  made  all  the  right  choices,  just 
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Figure  31*3  Spectra  of  the  Fried  Under  waveforms  in  Figure  31-2.  The  dotted  spectrum  is  for  one  of  the  Impulses 
taken  alone;  the  solid  spectrum  Is  for  the  two  impulses  combined. 


how  should  wc  view  those  bumps  and  dips  in 
the  spectrum?  The  specific  form  the  spectrum 
takes  is  a  function  of  many  elements  that  may 
or  may  not  relate  to  specific  events  in  the  ear. 
Consider,  for  instance,  the  problem  in  Figure 
31-2.  A  weapon’s  impulse  (simulated  by  a 
Fricdlandcr  waveform)  is  almost  always  ac¬ 


companied  by  a  reflected  impulse  from  the 
ground.  If  the  analysis  interval  includes  only 
the  directly  transmitted  impulse  or  just  the  re¬ 
flection  from  the  ground  (here  taken  to  be  a 
relatively  good  reflector),  the  two  spectra 
would  each  be  like  that  shown  as  the  dotted 
line  in  Figure  3i-3<  The  spectrum  rises 
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Figure  31*4  Pressure  history  of  an  impulse  that  has  the  same  amplitude  spectrum  as  the  Fricdlander  waveform  in 
Figure  31*3  (dotted  line)  but  with  a  differing  phase  spectrum. 


smoothly  to  a  peak  at  500  Hz  and  declines 
smoothly  thereafter.  But  suppose  the  analysis 
interval  Includes  both  the  direct  and  reflected 
impulses  Then  the  spectrum  appears  as  the 
solid  line  in  Figure  31*3.  In  terms  of  our  ball 
and  spring  model,  what  we  are  seeing  are  pat* 
tems  of  constructive  and  destructive  interfer¬ 
ence  that  exist  in  the  oscillators  at  the  end  of 
the  analysis  interval.  The  low-frequency  por* 
tion  of  the  spectrum  is  now  higher,  which 
makes  sense  because  there  were  two  im¬ 
pulses,  each  carrying  energy.  However,  there 
are  now  prominent  peaks  and  dips  at  intervals. 
The  specific  pattern  of  bumps  and  dips  Is  a 
function  of  the  temporal  spacing  between  the 
impulses  and  their  relative  sizes.  Should  the 
dips  be  interpreted  as  indicating  relatively  qui¬ 
escent  sections  of  the  basilar  membrane,  or 
should  the  peaks  be  thought  of  as  sections  of 
the  basilar  membrane  receiving  maximum  ex¬ 
citations?  At  this  point  the  issue  of  conformal¬ 
ity  between  the  ear  and  the  spectral  analysis  is 
apparent.  The  car  is  not  a  series  of  lossless  os¬ 
cillators,  as  is  our  spectrum  analyzer;  conse¬ 
quently  the  analogy  between  the  spectrum 
and  activity  within  the  ear  breaks  down.  Pat¬ 
terns  of  interference  and  reinforcement  would 
not  be  expected  to  develop  within  the  co¬ 
chlea  for  these  impulses  because  in  effect  they 
would  not  be  present  simultaneously  at  the 
oscillator  locations. 

A  variation  on  this  same  theme  can  be 
seen  in  Figure  31*4.  The  waveform  in  Figure 


31*4  and  a  single  Friedlandcr  waveform  like 
the  one  in  Figure  31-3  (without  the  reflected 
impulse)  are  related  to  each  other  In  an  inter¬ 
esting  way,  Namely,  iheir  spectra  are  identical 
(the  dotted  spectrum  in  Fig,  31*3);  but  their 
pressure  histories  look  very  different  because 
the  phase  relationships  of  their  spectral  com¬ 
ponents  differ,  Tims,  two  very  different  pres¬ 
sure  histories  in  the  time  domain  can  have 
identical  magnitudes  in  the  frequency  domain. 
If  such  impulses  were  to  drive  the  ear,  the 
specific  temporal  pattern  of  displacements 
within  the  cochlea  would  generally  parallel 
their  pressure  histories,  the  first  one  having  a 
quick  large  oscillation  or  two  and  the  second 
having  many  much-smaller  oscillations  over  a 
longer  time. 

So  in  the  end,  how  should  the  bumps  and 
dips  be  interpreted?  Given  that  the  phase  in¬ 
formation  is  not  available,  we  can  only  guess 
at  the  temporal  pattern  of  response.  Even 
though  we  may  be  confident  that  the  car  may 
have  been  exposed  to  the  total  energy  repre¬ 
sented  by  the  spectnim,  we  cannot  assert,  in 
the  case  posed  in  Figure  31-2,  that  within  the 
cochlea  a  particular  place  oscillated  apprecia¬ 
bly  more  or  less  than  some  other  place, 
matching  the  bumps  and  dips  in  the  spectrum. 
From  these  illustrations,  it  is  apparent  that  in 
the  absence  of  phase  information,  which 
would  allow  examination  of  the  data  in  the 
time  domain,  extreme  restraint  should  be 
used  in  interpreting  frequency  domain  data.  A 
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final  comment  on  a  more  positive  note;  In  a 
general  sense,  spectrum  does  indicate  energy' 
tn  different  frequency  regions,  and  over  the 
long  term  in  the  workplace,  the.  bumps  and 
dips  will  average  out  and  the  spectrum 'may 
still  retain  its  utility  as  a  predictor  of  hazard. 

Changes  at  High 
Intensities 

As  the  intensity  of  stimulation  rises  above 
130  dB,  as  it  often  does  for  impulse  and  im¬ 
pact  sounds,  additional  complexities  arise  in 
the  calculation,  intetpretation,  and  application 
of  the  spectrum.  Several  lines  of  Inquiry  are 
developing  a  picture  of  aii  intricate  interplay 
of  loss  mechanisms  and  conductive  nonlinear- 
ities  at  high  sound  pressure  levels,  which  we 
will  attempt  to  put  in  a  conceptual  framework. 

To  assist  in  maintaining  a  frame  of  refer¬ 
ence  for  relative  Intensities,  it  may  be  worth 
noting  that  peak  pressures  of  industrial  Im¬ 
pulses,  cap  guns,  and  even  cordless  tele¬ 
phones,  often  rise  above  130  dB;  small  arms 
(pistols,  rifles,  shotguns)  produce  impulses 
with  peak-pressures  of  altout  150  to  160  dB, 
and  large-caliber  weapons  and  shoulder-fired 
rockets  can  produce  levels  of  nearly  190  dB. 
Sound  pressures  well  above  130  dB  are  not  at 
all  rare  in  modern  life. 

I  have  argued  that  at  very  high  sound 
pressure  levels  the  middle  car  becomes  non¬ 
linear  with  respect  to  amplitude,  and  the 
mechanism  or  mechanisms  of  loss  within  the 
cochlea  also  undergo  a  change.  In  both  cases, 
Instantaneous  displacement  of  the  structures 
is  hypothesized  to  be  critical;  hence  there  is  a 
fundamental  analytical  question  as  to  whether 
a  frequency  domain  analysis  (spectrum)  is  an 
adequate  descriptor  of  a  time  domain  problem 
(mechanical  stress), 

A  few  calculations  will  demonstrate  the 
nature  of  the  problem.  In  the  illustrations  that 
follow,  the  figures  arc  largely  the  result  of  cal¬ 
culations  done  with  an  Integrated  mathemati¬ 
cal  model  of  the  ear  that  I  have  been  develop¬ 
ing  with  my  colleagues  at  our  laboratory  (Kalb 
and  Price,  1987;  Price  and  Kalb,  1990).  Input 
to  the  model  is  free-field  sound  pressure,  and 
the  model  carries  energy  through  the  full 
transmission  path  to  the  stapes  and  ends  by 
calculating  hazard  within  the  cochlea.  Unfor¬ 
tunately,  a  full  discussion  of  this  model's  de¬ 
velopment  is  beyond  the  scope  of  this  chap¬ 
ter.  However,  the  reader  may  be  reassured  to 
know  that  the  model's  structure  parallels  the 
ear’s  physiology,  and  that  the  external  and 
middle  ear  sections  closely  reproduce  the 


transfer  functions  and  impedances  that  have 
been  measured  in  real  ears.  The  calculations 
reported  here  are  made  with  values  appropri¬ 
ate  to  the  cat  ear. 

Nonlfnearities  in  the 
Middle  Ear 

A  nonlinearity,  in  the  middle  ear  implies 
that  at  some  combination  of  frequency-  and  in¬ 
tensity  spectral  calculations  of  energy  in  the 
free  field  will  correlate  poorly  with  cochlear 
input.  Therefore  it  is  important  to  establish 
the  amplitudes  and  frequencies  for  which 
such  an  error  becomes  an  issue.  Various  parts 
of  the  middle  ear  could  Impose  a  displace¬ 
ment  limit;  however,  some  have  argued  that 
on  anatomic  grounds  It  seems  probable  that 
the  annular  ligament  of  the  stapes  would  be 
likely  to  pose  an  absolute  limit  to  displace¬ 
ment  of  about  -10  to  50  pm  peak  to  peak 
(Price,  197-J;  Price  and  Kalb,  1986).  At  any 
rate,  the  model  embodies  this  displacement 
limitation,  and  it  has  been  used  to  calculate 
the  level  for  Fricdlandcr  waveforms  and  tone 
pips  at  which  the  nonlinearity  would  have  af¬ 
fected  their  amplitudes  by  3  dll.  The  results 
are  shown  In  Figure  31-5  for  both  the  tone 
pips  and  Fricdlandcr  waveforms.  For  the  Fried- 
lander  waveforms  the  clipping  becomes  signif¬ 
icant  at  Just  over  I  do  dB  for  low-frequency 
Impulses,  and  the  clipping  occurs  at  progres¬ 
sively  higher  levels  as  the  waveforms  get 
shorter  (less  low-frequency  energy).  Tone 
pips,  on  the  other  hand,  are  peak-limited  In  a 
pattern  that  roughly  parallels  the  transfer  func¬ 
tion  for  the  external  and  middle  cars,  which  is 
what  one  might  expect.  Clipping  becomes  sig¬ 
nificant  for  them  in  the  upper  If  Os  for  low- 
frequency  tones  and  in  the  upper  130s  where 
the  car  is  tuned  best.  The  specific  levels  would 
of  course  be  different  for  different  species;  but 
middle-ear  nonlinearity  is  a  major  influence  in 
high-level  stimulation. 

A  middle-ear  clipping  nonlinearity  would 
Imply  that  an  exposure  would  have  less  effect 
than  expected  when  the  middle-ear  displace¬ 
ments  rose  to  such  amplitude  that  the  nonlin¬ 
earity  was  encountered.  A  pattern  consistent 
with  litis  Idea  can  be  seen  in  data  front  the 
chinchilla.  When  chinchillas  were  exposed  to 
100  impulses  at  1.-4  kHz  spectral  peak  and  at 
peak  SPLs  between  131  and  139  dB,  losses 
grew  rapidly  as  sound  pressure  increased, 
about  7  dB  of  threshold  shift  for  every  decibel 
of  increase  In  peak  pressure  (Patterson  et  al, 
1986).  This  is  a  spectral  region  in  which  the 
chinchilla  is  sensitive,  and  although  we  have 
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parameters  of  exposure 
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Figure  31*5  Free  field  sound 
pressures  at  which  a 
mathematical  model  of  the  ear 
(see  Kalb  and  Price,'  1987) 
Indicates  tliat  Friediander 
waveforms  and  tone  pips  would 
experience  a  3-<JB  clipping  effect. 


no  specific  data,  It  seems  likely  that  their  mid¬ 
dle-car  displacements  would  not  be  highly 
nonlinear  at  these  levels.  On  the  other  hand, 
when  chinchillas  were  exposed  to  impulses 
with  peak  pressures  between  150  and  ICO  dB 
and  spectral  peaks  below  125  Hz,  the  growth 
of  threshold  shift  to  100  impulses  had  a  slope 
of  about  3  0  dll  for  every  decibel  of  increase 
in  peak  pressure  (Hamernik  et  al,  1990).  This 
reduced  slope  is  consistent  with  the  possibil¬ 
ity  of  amplitude  limitation  at  the  stapes.  Or 
consider  data  from  an  experiment  In  which 
at  cars  were  exposed  to  one  round  from  a  re- 
coilless  rifle  fired  within  a  room  (Price,  1978). 
The  peak  pressure  was  186  <1B,  and  the  energy’ 
in  the  exposure  was  about  36  kj  per  square 
meter  (equivalent  to  10  or  more  years  of  ex¬ 
posure  in  the  workplace),  but  the  average  per¬ 
manent  losses  were  only  about  10  dB.  These 
data  from  the  chinchilla  and  at  arc  not  defin¬ 
itive;  but  they  are  consistent  with  a  middle  ear 
that  transmits  less  well  at  high  levels. 

Calculations  with  the  mathematial  model 
of  the  car  have  suggested  a  variation  on  the 
same  mechanism  that  could  have  a  major  ef¬ 
fect  on  the  transmission  of  energy  into  the  co¬ 
chlea  (Price  and  Kalb,  1990).  At  least  part  of 
the  reason  for  the  smaller-than-expected 
losses  from  intense,  low-frequency  impulses, 
such  as  those  produced  by  large-caliber  weap¬ 
ons,  lies  in  the  modulation  of  cochlear  input 
by  clipping  of  the  stapes.  Sommer  and  Nixon 
(1973)  conducted  an- experiment  that  was 
particularly  well  suited  to  demonstrating  this 
effect.  They  were  trying  to  test  auditory  haz¬ 
ard  from  different  acoustic  components  of  air 
bag  deployment  in  an  automobile.  They  simu¬ 
lated  air  bag  deployment  by  combining  a  hiss, 
a  153-dB  band  of  noise  at  about  1.0  kHz 


(noise  of  the  bag  filling),  with  a  relatively  long 
positive  pressure  pulse  (165  dB  peak,  simulat¬ 
ing  the  pressure  In  the  ar  as  the  bag  filled). 
Tile  low-frequency  pulse  produced  no  thresh¬ 
old  shift  by  Itself,  and  the  hiss  produced  a 
modest  threshold  shift  by  Itself;  but  together, 
they  produced  less  threshold  shift  than  the 
hiss  by  Itself.  By  means  of  the  mathematical 
model,  the  basis  for  this  effect  can  be  dis¬ 
cerned.  In  the  lower  panel  of  Figure  31-6  we 
sec  the  frcc-field  pressure  history’  of  a  simu¬ 
lated  air-bag-deployment  pulse  consisting  of  a 
trapezoidal  pedestal  (160  dB  peak  pressure) 
combined  with  a  tone  pip  (160  dB  peak  to 
peak).  In  the  upper  panel  we  see  the  alcu- 
latcd  stapes  response  to  the  combined  pulses. 
The  lower-frequency  Impulse  clarly  modu¬ 
lates  the  cochlear  input  to  the  tone  pip,  reduc¬ 
ing  it  by  approximately  20  dB.  Calculations 
with  the  mathematial  model  and  with  real 
weapons  impulses  suggest  that  exactly  the 
same  thing  happens  with  them  as  well.  In 
Figure  31-7  note,  for  example,  the  calculated 
stapes  displacement  In  the  lower  panel  In  re¬ 
sponse  to  the  impulse  in  the  upper  panel.  The 
clipping  is  apparent,  During  the  initial  4  or  5 
ms  the  pressure  is  relatively  high,  but  the 
stapes  is  relatively  immobile  and  is  held  in 
position  by  the  high  pressure.  However, 
stapes  displacements  are  large  whenever  the 
waveform  passes  through  ambient  pressure. 
Tile  relatively  small  pressure  oscillations 
present  in  the  last  10  ms  of  the  period 
produce  surprisingly  large  stapes  displace¬ 
ments. 

Upon  consideration  of  the  foregoing  argu¬ 
ments  we  an  conclude  that  there  is  a  reason¬ 
able  physical  basis  for  the  ear  to  be  surpris¬ 
ingly  resistant  to  damage  at  very  high  levels. 


IMPORTANCE  OF  SPECTRUM  FOR  RATING  HAZARD,  THEORETICAL  BASIS 


357 


Figure  31*6  Demonstration  of  co  modulation  at  the  stapes.  The  lower  panel  Shows  the  pressure  history  of  a  simu¬ 
lated  air  bag-deployment  pulse.  The  upper  panel  shows  the  mathematical  ear  model’s  calculation  of  stapes  displace¬ 
ment  response,  showing  modulation  of  the  tone  pip  by  the  lower  frequency  pedestal. 


Figure  3l»7  Pressure  history  of  an  expert* 
mental  recolllcss  nfle  (upper  panel)  and  the 
calculated  stapes. displacement  to  the  1m* 
pulse  (bottom  panelX 


A  Change  in  the  Mechanism 
of  Loss 

An  additional  complexity  at  high  levels  is 
that  hazard  to  the  car  rather  suddenly  be* 
comes  very  sensitive  to  level  (Patterson  et  a!, 
1986;  Price,  1981;  Ward,  1988).  A  change  of 
intensity  of  about  10  dB  in  level  for  a  given 
number  of  impulses  could  result  in  an  in¬ 
crease  ranging  from  no  measurable  loss  to  a 
total  loss  of  hair  cells.  Presumably  this  is  a  re¬ 


sult  of  the  basic  loss  mechanism  becoming 
some  form  of  mechanical  stress  within  the  co« 
clilea.  The  level  at  winch  this  change  occurs  is 
important  because  it  affects  the  range  over 
which  energy  calculations  at  different  spectral 
locations  might  be  useful  as  a  means  of  assess¬ 
ing  hazard.  Perhaps  the  most  complete  data 
pertaining  to  this  issue  are  now  available  for 
the  chinchilla  ear.  Data  from  Patterson  et  al 
(1986)  are  available  for  chinchillas  exposed  to 
impulses  (a  damped  sinusoid  from  a  speaker) 
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with  the  spectral  peak  of  the -stimulus  at  1.4 
kHz.  Exposure  levels  ranged  hom  131  to  147 
dB.  Such  impulses  produced  an  approximate 
30  percent  loss  of  outer  hair  cells,  with  a  total 
exposure  energy  of  about  2  J  per  square 
meter.  In  dramatic  contrast,  Ward  et  al  (1983) 
calculated  that  the  energy  required  to  pro* 
duce  a  30  percent  loss  of  outer  hair  cells  with 
their  stimulus  (a  continuous  exposure  to  a 
700-  to.2,800-Hz  band  of  noise)  would  be 
about  22,500  }  per  square  meter  (as  long  as 
the  levels  were  no  greater  than  1 14  dB)  Siml- 
lar  results  can  be  adduced  with  data  from  ex¬ 
posure  of  the  cat  ear.  Miller  et  aU(1963) 
found  that  exposure  to  a  115-dB  continuous 
broad  band  noise  (spectral  peak  at  1.5  kHz) 
for  2  hours  at  about  2,200  J  per  square  meter 
produced  an  average  permanent  threshold 
shift  (PTS)  of  38  dB.  However,  the  rifle  lm- 
pulse,  with  a  spectral  peak  In  nearly  the  same 
region,  but  peak  pressures  of  145  to  155  dB, 
produced  a  similar  loss  with  only  10  J  per 
square  meter  (Price,  1986).  Clearly,  on  the  ba* 
sis  of  data  from  the  cat  and  chinchilla,  there  is 
reason  to  suspect  that  there  is  a  significant  dif¬ 
ference  in  the  response  of  the  car  as  a  frmc* 
tion  of  level. 

On  the  basis  of  these  arguments,  we  can 
conclude  that  the  car  can  become  extremely 
fragile  at  high  levels,  and  that  a  relatively 
small  amount  of  energy  can  produce  a  large 
loss. 


Opposing  Functions 

Tlie  title  to  this  section  might  well  be  ex¬ 
panded  to  read;  "Opposing-  functions,  or  no 
wonder  impulse  noise  data  are  so  confusing  " 
The  reader  who  has  been  paying  careful  atten¬ 
tion  should  perhaps  be  confused  at  this  point, 
given  that  arguments  have  just  been  devel¬ 
oped  one  after  the  other  that  (1)  because  of 
nonlinearlties  in  the  middle  car,  the  car 
should  become  less  susceptible  to  intense 
sounds  (it  should  take  more  energy  to  do 
damage),  and  (2)  that  because  of  a  change  in 
loss  mechanism  within  the  cochlea,  the  ear 
should  become  more  susceptible  at  high  lev 
els,  and  a  relatively  small  amount  of  energy 
could  do  a  great  deal  of  damage.  Although  the 
arguments  appear  to  be  contradictory,  they 
arc  not,  and  in  fact  go  a  long  way  toward  ex¬ 
plaining  both  the  unusual  fragility  and  robust¬ 
ness  of  the  ear. 

The  critical  question  posed  in  this  chapter 
is  whether  a  frequency  domain  analytical 
method  is  useful  for  dealing  with  what  are  es¬ 
sentially  time  domain  questions,  e.g.,  instanta¬ 


neous,  nonlinear  displacements  of  structures 
It  seems  unlikely  at  this  juncture  that  spectral 
analysis  w'ill  be  useful  at  these  very  high  lev¬ 
els. 

t 

Conclusion 

The  theoretical  basis  for  the  use  of  spec¬ 
trum  in  rating  hazard  is  well  established  for 
the  sound  intensities  most  often  encountered 
in  the  workplace.  The  frequency-selective 
transmission  characteristics  of  the  conductive 
mechanisms' of  the  external  and  middle  cars, 
coupled  with  the  generally  broad  and  gently 
sloped  spectra  of  noise  in  the  workplace,  pro¬ 
mote  energy  transmission  in  the  midrange  so 
that  some  measure  of  energy  there  should  do 
well  at  ranking  hazard. 

However,  at  sound  pressure  levels  above 
130  dB,  (lie  picture  is  much  more  complex. 
Important  mechanisms  come  into  play  that 
can  result  in  the  ear  becoming  either  very  re¬ 
sistant  or  extremely  susceptible  to  particular 
temporal  patterns  of  stimulation.  These  mech¬ 
anisms  arc  not  .well  characterized  In  the  fre¬ 
quency’  domain;  consequently,  spectrum  is 
likely  to  have  only  marginal  utility  in  rating 
hazard  for  really  intense  sounds. 

Importance  de  la 
Composition  Spectrale 
des  Bruits  pour 
(’Estimation  des  Risques 
Lesionnels:  Bases 
Theoriques 

L’hypothfcsc  du  r61e  important  joue  par  le 
spectre  dans  revaluation  du  risque  116  i 
^exposition  aux  bruits  intenses  est  admlsc  dc 
mani6re  gen6rale.  Les  bases  theoriques  des  ef- 
fets  du  spectre  sont  in  recherchcr  dans  divers 
aspects  de  la  reponse  dc  l’oreille  aux  bruits  in¬ 
tenses.  En  premier  lieu,  la  fa$on  dont  renergic 
est  transmise  du  champ  libre  jusqu'h  l’etrier 
conditionnc  cellc  qul  atteint  effectivement  la 
cochlee,  oh  se  produisent  la  plupart  des  le¬ 
sions  associees  aux  pertes  auditives.  11  est 
maintenant  bien  etabll,  empiriquement  et  the- 
oriquement,  que  I’oreille  exteme  et  moyenne 
agissent  comme  un  fibre  passc-bande,  la 
meiileure  transmission  de  renergie  ayant  lieu 
dans  les  frequences  moyennes. 

Un  facteur  additionnel,  qul  sc  presente 
sur  une  base  variable  et  qui  peut  jouer  un  role 
majeur,  est  constitue  par  1‘attenuatlon  pro- 
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duitc  par  Its  musdcs  dc  1'orciL'c  rabjcmc. 
Ccs  dcmicrs  pcuver.l  provcqucr  unc  aaenua- 
tion  andgnani  40  dB  aux  basses  frequences, 
ct  un  peu  moins  anx  frequence  cIoccs,  mai5 
leur  action  cst  complexe.  Dcs  £*ctcurs  spec¬ 
tra  ilx,  tcmporcls  ct  mcmc  psycbologiques 
condilionncnt  leur  dcdcncbetncnt,  ainsi  que 
leur  importance  ct  leurs  efTets.- 

Lc  risque  cst  non  sculemcnr  fonction  de 
la  susceptibilitc  du  sjstcmc,  nials  aussi  dcs 
caractcrisdqucs  de  la  fonction  excitatricc. 
Comme  nous  l'avons  mi,  I'ordlie  citcmc  ct 
moyenne  constituent  un  filtre  passc-bandc 
ctroitcracnt  accordc.  Pit  aillcurs  les  bruits  cn 
milieu  ihdustricl  tendent  a  avoir  unc  distribu¬ 
tion  spectral c  d’cncrgic  large,  avee  des  panes 
comprise  entre  plus  cf  moins  6  d&'oct.  Par 
consequent  Ic  filtrage  du  a  i’orcillc  ext  cm  c  et 
moyenne  couple  a  /effet  dcs  muscles  de 
I’oreillc  mojenne  agit  normal  cm  cut  de 
man i ere  a  produirc  a  I'entree  dc  la  cochlce,  un 
pic  spectral  itu£  dans  la  gamme  des  fre¬ 
quences  moyennes. 

A  des  niveaux  depassant  120-130  dB, 
nous  persons  que  l’orallc  moyenne  ccssc 
d’etre  lineairc  ct  qu’dlc  commence  a  ccrctcr, 
limit  mt  ainsi  les  deplaccments  de-Tetrier  qui 
depjsscnt  environ  20  microns  (cate  valeur 
ctant  qudquc  peu  fonction  dc  I’espccc).  Par  la 
limitation  du  dcplaccmcnt,  il  sc  produit  un  de* 
ealage  additionnd  dc  l'encrgic  \crs  les  fre¬ 
quences  elevees  au  niveau  dc  I'entree  dc  la 
cochlce. 

Final  cm  cm  il  rcstc  la  cochlce  proprement 
ditc,  qui  realise  unc  analyse  spcctralc  du  signal 
d'cntrcc  entre  sa  base  ct  son  ^pcx;  ceci  nous 
amenc  i  nous  intercsscr  a  la  susceptibilitc  c*»s 
structures  internes  1  la  cochlec.  A  cc  nivelu, 
Ic  raison nement  cst  beaucoup  plus  speculate. 
Cependant,  on  peut  notcr  que  les  propricte. 
physiques  dc  la  membrane  basilaire  ct  dc 
l’organc  dc  Corti  varient  uniformcmcnt  en 
fonction  dc  sa  longueur;  l'cxistcncc  dc  discon¬ 
tinuity  dans  sa  susceptibilitc  cst  done  peu 
probable.  Par  aillcurs,  la  susceptibilitc  de¬ 
pend  du  mecanlsmc  specifique  lie  aux  pertes 
auditives.  Par  cxcmple,  un  calcul  basic  sur 
I'effct  provoqud  par  l’encrgic  acoustique  cn  un 
endroit  donnd,  diffcrcra  dc  cclui  base  sur  la 
contraintc  mdeanique.  Et,  bien  cvldcmment, 
les  '  rtes  ccllulaircs  peu  vent  ctrc  rclidcs  aux 
processus  mccaniqucs  os,  manitre  stochas- 
tique.  Une, analyse  definitive  du  role  du  spec¬ 
tre  est  tnbutairc  dc  ('acquisition  d'infor- 
matfons  nouvcllcs  dam  ce  dcmainc. 
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A  considerable  amount  of  data  has  been 
collected  on  the  audiometric  and  histologic 
effects  of  impulse  noise.  However,  there  is  no 
agreement  among  hearing  scientists  on  which 
descriptors  of  an  exposure  best  predict  these 
effects  on  hearing  (Henderson  and  Hamemik, 
1986>  Among  the  various  physical  parameters 
studied,  the  frequency  spectrum  of  the  im¬ 
pulse  noise  has  only  recently  been  considered. 
Studies  by  Price  (1983,  1986)  have  demon¬ 
strated  the  strong  contribution  of  this  factor  in 
the  prediction  of  damage  to  the  ear  from 
weapon  noises.  His  results,  obtained  with 
small  numbers  of  consecutive  nonmerberant 
impulses  presented  at  high  peak  levels,  can  be 
accounted  for  by  an  A- weighted  energy  mea¬ 
sure,  when  this  measure  is  extrapolated  from 
the  cat  to  the  human  ear.  His  results  sup¬ 
ported  the  use  of  this  A-wcightcd  energy  as  a 
descriptor  not  only  for  continuous  noise  but 
also  for  impulse  noise,  as  proposed  by 
ISO-1999  (4990).  The  inclusion  of  impulse 
noise  exposure  was  considered  valid  for  peak 
levels  below  145  dB  SPL  This  standard  was 
designed  for  estimating  the  risk  of  permanent 
threshold  shift  (PTS)  from  occupational  expo¬ 
sures. 

In  our  laboratory,  a  scries  of  studies  was 
undertaken  to  characterize  the  human  ear  re¬ 
sponse  to  spectral  variations  of  impulses  at  ex¬ 
posure  levels  and  durations  compatible  with 
the  occupational  setting.  In  particular,  the  va¬ 
lidity'  of  the  A-weighting  curve  for  characteriz¬ 
ing  the  effects  of  impulse  noise  was  examined. 
However,  instrumental  problems  had  to  be 
solved  before  obtaining  systematic  variations 


of  the  frequency  content  of  impulses  while 
keeping  the  other  characteristics  of  the  noise 
relatively  constant.  This  led  to  the  design  of  a 
digitally  controlled  impulse-noise  generation 
system  (Nicolas  ct  al,  1990).  This  system  op¬ 
erates  by  means  of  a  computerized  digital  sig¬ 
nal  fed  into  a  high-power  electroacoustic  sys¬ 
tem  operated  in  a  scmi-anechoic  room.  A  two- 
step  numeric  calculation  controls  the  output 
signal  to  obtain  the  desired  time  and  fre¬ 
quency  characteristics.  In  the  first  step,  the 
equipment- transfer  function  is  computed  nu¬ 
merically.  In  the  second  step,  the  input  signal 
is  corrected  using  the  previously  determined 
transfer  function  to  obtain  the  desired  output 
signal.  The  digitally  controlled  impulse-noise 
generation  system  presently  allow*  control  of 
the  spectral,  input  characteristics  within  a 
bandpass  extending  from  100  to  10,000  Hz. 
The  maximum  peak  pressure  level  that  can  be 
obtained  with  appropriate  nonlinear  distortion 
control  varies  with  the  frequency  content  of 
the  signal  from  145  dB  SPL  at  1  kHz  to  125  dB 
at  8  kHz.  To  achieve  such  control  over  the 
acoustic  signals-  when  conducting  psycho* 
acoustic  experiments,- the  subjects  arc  seated 
facing  the  loudspeaker  at  a  distance  of  25  cm; 
the  height  of  the  chair  is  adjusted  to  ensure 
that  the  subject’s  head  is  always  centered  on 
the  vertical  and  horizontal  planes  of  the  expo¬ 
nential  horn  to  which  the  compression  driver 
is  coupled.  Using  this  generation  system,  ex¬ 
periments  were  conducted  to  compare  the  ef¬ 
fect  of  different  cutoff  and  center  frequencies 
of  narrow-band  impulses  on  temporary  thresh¬ 
old  shift  (TFS)  and  on  loudness. 
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Figure  32-1  Acoustic  pressure-time  profile.  Fourier  analysis,  and  third-octave  hand  analysis  of  signals  a.  b.  and  c 
used  to  induce  temporal)  threshold  shift  (TTS).  (From  NichoLs  ),  Sa wan  M,  llcw  R.  Laroche  C.  A  digitally  con 
trolled  impubc-notsc  generation  system  for  the  study  of  the  ear  response  to  impulses.  Acustica  1990;  70*121.) 


TTS  Studies 

Methods 

The  effect  of  systematic  variations  in  the 
spectral  content  of  impulses  was  quantita¬ 
tively  assessed  by  finding  the  corresponding 
variations  in  the  peak  pressure  level  that  in¬ 
duced  a  predetermined  effect  on  hearing 
thresholds.  Moreover,  different  exposure  dura¬ 
tions  were  tested  in  order  to  obtain  growth 
curves  cf  TTS  that  approached  or  reached  an 
asy  mptotic  level.  This  proccdutc  was  based  on 
the  observation  that,  with  impulses  presented 
at  1  pulse  per  second  (pps),  asymptotic 
threshold  shifts  (ATS)  can  be  measured  within 
30  to  60  minutes  of  exposure  (Laroche  ct  al, 
1989).  Knowing  that  there  is  only  one  possi¬ 
ble  value  of  asymptotic  threshold  shift  for  a 
given  set  of  exposure  parameters,  this  ap¬ 
proach  provides  a  reliable  measure  of  the  ef¬ 
fect  on  human  hearing  of  the  noise  under 
study.  It  provides  an  anchor  point  that  allows 
the  comparison  of  results  from  different  stud¬ 
ies,  including  those  conducted  using  animal 
models  (Saunders  et  al,  1985).  Furthermore,  it 
can  reasonably  be  assumed  that  asymptotic 


threshold  shift  predicts  the  upper  bound  of 
PTS  for  a  given  noise  condition  (Mills  ct  al, 
1981;  Bohne  and  Clark,  1982). 

However,  studying  ATS  in  human  subjects 
imposes  severe  constraints.  TTS  .had  to  be  as 
low  as  possible.  A  maximum  amount  of  TTS 
measured  2  minutes  after  exposure  (TTS^)  of 
15  dB  was  adopted  in  these  investigations. 
The  minimum  amount  was  determined  by  the 
measurement  error,  which  was  ±2.5  dB  or 
less  using  insert  earphones  (Etymotic,  ER-3A) 
with  subjects  well  trained  to  respond  to 
Bekesy  audiometry  (Grason-Stadlcr  1703B) 
Within  these  upper  and  lower  boundaries,  the 
target  amount  of  ATS  was  «ct  at  10  dB.  First  of 
all,  this  implied  identification  of  the  audiomet 
ric  frequency  most  affected  by  the  noise  un¬ 
der  study  for  each  subject  tested.  Then  the 
target  effect  was  obtained  by  progressively  in¬ 
creasing  the  exposure  level  in  successive  ex¬ 
perimental  sessions  (Laroche  et  al,  1986).  This 
procedure  involved  a  large  number  of  trials, 
separated  by  2-1 -hour  recovery  periods.  This 
allowed  us  to  obtain  a  10-dB  TTS*  after  45  to 
60  minutes  of  exposure,  that  is,  after  a  series 
of  2,700  to  3,600  consecutive  impulses  pre¬ 
sented  at  a  rate  of  1  per  second. 
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Figure  32-2  Median  equal  SEL-d3 

asvrajxotJC  threshold  shift  (ATS) 
contour  as  a  function  of  the 
upper  cutoff  frequency  for  signals 
a,  b,  and  c.  SEL-dB,  sound 
exposure  level  in  decibels. 


Upper  cutoff  frequency-kHz 


Results 

Effect  of  Increasing  the  Upper 

Cutoff  Frequency  of  a  Low-Pass 

Filtered  Impulse 

In  a  first  investigation,  the  effect  of  in* 
creasing  the  upper  cutoff  frequency  of  a  low- 
pass  filtered  impulse  wis  tested  using  three 
(sin  x>'x  digital  signals.  The  lower  cutoff  fre¬ 
quency  was  set  at  300  Hz  and  the  upper  cutoff 
was  set  at  1,000,  3,000,  and  4,000  Hz  for  sig¬ 
nals  a,  b,  and  c,  respectively  (Fig.  32-1).  Three 
normal  listeners  participated  in  the  experi¬ 
ment  All  had  hearing  threshold  levels  better 
than  15  dB  (ANSI  S3  6,  1989)  between  500 
and  6,000  Hz,  normal  tympanograms,  and  no 
history  of  ear  disease. 

As  sve  attempted  to  determine  the  peak 
level  of  signal  a  (with  an  upper  cutoff  of  1,000 
Hz)  that  would  induce  the  target  amount  of 
TTS2,  all  three  subjects  reported  strong  annoy¬ 
ance  at  levels  that  induced  only  4  to  6  dB  of 
TTS2  after  24  minutes  of  exposure  (Laroche  ct 
al,  1986)/  Increasing  the  peak  level  to  induce 
more  TTS  would  have  made  the  exposure  in¬ 
tolerable.  Thus,  the  comparison  between  the 
effect  of  this  signal  with  that  of  the  two  others 
could  not  be  obtained  as  precisely  as  ex¬ 
pected.  For  all  three  subjects,  however,  after 
24  minutes  of  exposure  (1,440  impulses),  sig¬ 
nal  a  h2d  to  be  at  least  14  dB  SEL  higher  to  in¬ 
duce  4  to  6  dB  TTS2  than  signals  b  and  c, 
which  induced  TTS2  of  10  dB  or  so.  Assuming 
that  the  asymptotic  level  was  approached  in 
all  three  conditions  and  that  ATS  grows  at  a 


rate  of  1.7  dB  per  decibel  increase  of  the 
sound  level  (Mills  ct  al,  1979),  the  median 
cquinoxious  levels  would  be  as  depicted  in 
Figure  32*2.  A  difference  of  18  dB  SEL  is  ob¬ 
tained  between  the  signal  limited  at  1,000  Hz 
and  the  one  limited  at  3,000  Hz;  this  corre¬ 
sponds  to  a  slope  of  -11  dB  per  octave.  In 
terms  of  peak  pressure  levels,  this  difference 
amounts  to  12  dB  (137  dB  versus  125  dB 
SPL).  These  results  strongly  disagree  with 
what  would  be  predicted  using  the  equal 
A-wcightcd  energy'  level.  Although  limited  by 
the  number  of  subjects  and  the  range  of  sig¬ 
nals  tested,  these  results  provide  a  preliminary 
quantitative  estimate  of  the  effect  of  the  fre¬ 
quency’  content  of  nonreverberant  signals  on 
human  subjects. 


Effect  of  Increasing  the  Center 
Frequency  of  a  Narrow-Band 
Impulse 


Using  the  same  type  of  digital  signals,  four 
l-octavc  b3nd-wide  impulses  were  designed 
to  test  the  effect  of  the  following  center  fre¬ 
quencies.  1,000,  2,000,  3,000,  and  4,000  Hz. 
Four  normal-hearing  listeners  participated  in 
this  second  investigation.  Individual  results 
were  fairly  comparable,  although  one  subject 
showed  an  unexpected  ©ensitivity  to  the 
4,000-Hz  signal  as  compared  to  the  one  cen¬ 
tered  at  3,000  Hz,  indicating  that  a  slight  vari¬ 
ation  in  the  frequency  content  in  this  range  of 
frequencies  can  induce  dramatic  changes  (la- 
rochc  and  Hetu,  1990a,  p.  36).  Figure  32-3  de- 
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Figure  32-3  Medan  equal 
asymptotic  threshold  shift  (ATS) 
contour  as  a  function  of  the 
center  frequency  of  the 
four-octavc-band'Widc  impulses. 
SEIxJB,  sound  exposure  lo  ci  in 
decibels. 


Octave  band  center  frequency-kHz 


picts  the  median  results  in  sound  exposure 
level  (SEL)  associated  with  an  amount  of  ATS 
of  approximately  1 0  2 3  at  the  frequency  most 
affected.  The  ATS  value  was  derived  using  a 
Gompertz  function  (iarochc  ct  aJ,  1989)  from 
measures  of  TTS^  made  after  15  to  60  minutes 
of  exposure  (900  to  3,600  consecutive  im* 
jxilscs).  It  can  be  seen  that  to  achieve  the 
same  effect  with  the  noise  centered  at  3,000 
Hz,  the  SEL  (for  one  impulse)  was  12  dB  be¬ 
low  that  of  the  impulse  centered  at  1,000  Hz. 
Between  1,000  and  4,000  IIz,  the  slope  Is 
-7.5  dB  per  octave.  Again,  these  results  con¬ 
tradict  the  predictions  of  the  A-wcighted  en¬ 
ergy  level,  which  involves  a  1-dB-lcvcl  differ¬ 
ence  between  1,000  Hz  and  the  higher  three 
frequencies  tested  here. 

The  results  presented  in  Figure  32-3  rep¬ 
resent  the  median  values  for  a  small  number 
of  individuals.  It  is  only  an  approximation  of 
the  effect  of  the  frequency  content  of  nonre- 
verberaiit  impulses  on  the  human  ear.  Never¬ 
theless  these  .csults  arc  consistent  with  those 
obtained  with  the  low-pass  filtered  impulses 
(Fig,  32*2).  In  the  latter  ease,  nowever,  the 
lower-frequency  portion  of  the  signal  limited 
to  1,000  Hz  appeared  to  be  protective  for 
threshold  shifts  measured  around  and  above 
the  cutoff  frequency  of  the  noise,  provided 
that  this  effect  is  not  merely  a  sampling  arti¬ 
fact.  There  is  a  difference  of  5  dB  between  the 
median  SEL  to  obtain  the  same  effect,  namely 
107  dB  for  the  300*  to  1,000  Hz  band  pass 
noise  as  compared  to  102  dB  for  the  1 -octave 


band  noise.  The  results  shown  in  Figure  32-3 
resemble  the  combined  transfer  function  of 
the  human  external  and  middle  car.  Because 
there  was  little  doubt  that  the  frequency  range 
of  maximum  sensitivity  to  impulses,  as  with 
any  other  type  of  noise,  falls  near  3,000  Hz, 
we  decided  to  characterize  the  distribution  of 
exposure  Ie\cls  that  would  induce  the  target 
effect  at  this  particular  frequency*  for  a  larger 
group  of  subjects.  This  could  sene  as  an  an¬ 
chor  point  to:dcfine  tolerable  exposure  limits 
for  this  type  of  noise, 

A  group  of  18  normal-hearing  subjects 
participated  in  an  experiment  aimed  at  deter¬ 
mining  the  level  of  the  i-octavc-band-w’idc  im¬ 
pulse  centered  ai>3t000  Hz  that  induces  an 
ATS  of  approximately  10  dB.  As  in  the  previ¬ 
ous  experiment,  ATS  was  estimated  from 
growth  cuncs  of  ITS  with  exposures  lasting 
15, 30,  45,  and  60  minutes.  Figure  32-4  shows 
the  resulting  distribution  of  the  SELs  associ¬ 
ated  with  the  target  effect  for  18  subjects. 
Note  that  the  peak  level  of  this  particular 
noise  was  37  dB  above  the  SEL  It  can  be  seen 
from  Figure  32-4  that  there  are  very  large  indi¬ 
vidual  differences  in  the  sensitivity  to  this  nar- 
row’-band  impulse.  At  one  extreme,  there  was 
one  subject  who  had  an  ATS  of  10  dB  at  an 
SEL  of  78  dB  ( 11 5  dB  peak).  At  the  other  ex¬ 
treme,  the  asymptotic  level  of  10  dB  could  not 
be  reached  at  97  dB  (134  dB  peak),  although 
it  was  reported  by  that  subject  to  be  relatively 
annoying.  Consequently,  a  range  of  exposure 
levels  of  at  least  20  dB  is  needed  in  order  to 
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figure  32-4  Distribution  of  the  sound 
exposure  level  needed  to  induce  an 
asymptotic  threshold  shift  (ATS)  of  ap-  M3 
proximatcly  10  dB  with  an  octave-band- 
wide  impulse  centered  at  3,000  Hz 
among  18  normaf hearing  subjects.  SEL- 
dB,  sound  exposure  level  in  decibels. 
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achieve  ihesame  effect  with  the  most-  and  the 
least-sensitive  subjects.  Despite  the  fairly  large 
number  of  subjects,  the  distribution  shown  in 
Figure  32-1  bears  no  resemblance  to  a  gaus- 
sian  function.  It  is  interesting  to  note  that  the 
median  value  was  89  dB  SEL  ( 126  dB  peak)  in 
this  group,  as  was  the  ease  for  the  group  of 
four  subjects  involved  in  the  previous  experi¬ 
ment,  indicating  that  the  previous  experiment 
gave  an  adequate  representation  of  the  sensi¬ 
tivity  of  average  normal  listeners. 

If  the  hypothesis  that  ATS  is  a  valid  pre¬ 
dictor  of  the  upper  bound  of  PTS  is  correct, 
exposure  limits  can  be  derived  from  the  above 
results  for  daily  exposure  to  large  numbers 
(1,800  or  more)  of  nonreverberant  impulses 
centered  at  3,000  Hz.  Thus,  at  least  10  percent 
of  the  individuals  could  sustain  a  measurable 
PTS  even  if  the  SEL  is  limited  to  84  dB  or  the 
peak  level  to  121  dB  SPL  If  the  noise  is  cen¬ 
tered  at  1,000  Hz,  this  limit  could  be  raised  to 
at  least  96  dB  SEL  (127  dB  peak).  It  is  worth 
mentioning  that*?  the  present  limit  for  the 
3,000*112  signal  is  close  to  what  would  be  al¬ 
lowed  by  a  regulation  based  on  LAwi(8h  of  85 
dBA.that  would  cover  exposure  to  impulses 
(Laroche  and  H£iu,  1990b).  Application  of  the 
A-weighting  curve  to  such  a  limit  for  an  im¬ 
pulse  centered  at  1,000  Hz  would  result  in  a 
conservative  estimate  of  the  safe  exposure 
level. 

Strictly  speaking,  the  above  results  apply 
only  to  impulses  having  m  id-range  frequency 
spectra.  As  would  be  expected  from  the  re¬ 


sults  obtained  with  the  noise  centered  at 
1,000  Hz,  as  well  as  those  from  the  band-pass 
impulse  filtered  above  1,000  Hz  reported  car 
licr,  our  procedure  precluded  any  attempt  to 
extend  the  cquinoxious  contour  presented  in 
Figure  32-3  to  frequencies  lower  than  1,000 
Hz.  Moreover,  because  of  the  rather  poor  ac¬ 
curacy'  of  audiometric  measurements  above 
6,000  Hz,  it  is  difficult  to  test  the  effect  of  sig¬ 
nals  centered  at  frequencies  above  4,000  Hz. 
For  these  reasons,  the  above -results  were 
complemented  by  measures  of  equal  loudness 
contours  for  the  same  type  of  Impulses  over  a 
wider  range  of  frequencies.  Obviously,  loud¬ 
ness  is  not  a  direct  measure  of  noxiousness, 
but  it  is  reasonable  to  assume  that,  as  for  ATS, 
the  effect  of  the  frequency  content  of  nonre- 
verberant  impulses  is  basically  governed -by 
the  transfer  function  of  the  outer  and  middle 
car. 

Loudness  Studies 

Methods 

The  method  of  adjustment  was  used  to 
measure  the  loudness  level  of  narrow-band 
impulses.  It  is  easier  to  compare  the  loudness 
of  an  impulse  noise  with  that  of  a  noL«e  of 
comparable  bandwidth  than  with  a  pure  tone. 
For  this  reason,  the  loudness  level  of  a  narrow- 
band  500  ms  noise  (30  ms  rise/decay  time) 
centered  at  1,000  Hz  was  first  determined  us- 
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Eigure  32-5  Median  equal  loudness  contours  of  one-ocuve-hand  vide  impulses  presented  at  five  loudness  Joels, 
obtained  with  nine  normal  hearing  subjects.  SEIxJB,  sound  exposure  loci  in  decibels. 


ing  a  1,000  Hz -reference  pure  tone  of  the 
same  temporal  characteristics.  The  reference 
signal  presented  3t  a  preset  constant  level  was 
followed  250  ms  later  by  the  test  signal.  The 
level  of  the  signal  was  adjusted  by  the  subject 
by  means  of  a  30-dB  potentiometer.  A  delay  of 
500  ms  separated  two  pairs  of  reference  and 
test  signals  The  level  of  the  test  signal  was  set 
randomly  at  the  beginning  of  each  adjustment 
trial.  The  subject  was  asked  to  adjust  the  test 
signal  to  appear  alternatively  louder  and  then 
softer  than  the  reference  until  both  signals  ap¬ 
peared  equally  loud.  A  switch  was  then  acti¬ 
vated  by  the  subject  to  indicate  that  the  trial 
was  completed. 

Keeping  in  mind  the  tendency  to  judge 
the  second  signal  louder  than  the  first  one  of  a 
pair  (Stevens,  1956),  the  procedure  described 
above  was  reversed;  the  noise  served  as  the 
reference  and  the  tone  served  as  the  test  sig¬ 
nal.  The  same  was  done  with  the  impulse 
noises  compared  to  the  500  ms  noise  cen¬ 
tered  at  1,000  Hz.  Five  sound  levels  were 
tested,  allowing  us  to  obtain  an  unbiased  esti¬ 
mate  of  the  loudness  level  from  the  least 
square  solution  combining  the  results  of  using 
the  500-ms  noise  as  the  reference  and  as  the 
test  signal. 

Prior  to  conducting  the  experiments  on 
equal  loudness  contours  of  narrow  band  Im¬ 
pulses,  a  study  of  the  effect  of  the  duration  of 
the  impulses  on  loudness  had  been  conducted 
(Tran  Quoc  and  H6tu,  1990).  It  allowed  us  to 
verily  that  the  decrease  in  the  duration  of  nar¬ 
row-band  Impulses  with  the  increase  of  its 
center  frequency  Is  well  accounted  for  by  its 


effect  on  the  total  energy’  of  the  signal.  It  also 
indicated  that,  with  the  time  sequence  of  the 
signal  presentation  used  and  at  levels  between 
75  and  95  phons,  the  measure  of  the  loudness 
level  of  impulses  was  not  affected  by  the 
sound  pressure  level.  This  gave  us  a  good  indi¬ 
cation  that  the  subjects’  responses  were  not 
Influenced  by  the  acoustic  reflex  or  by  audi¬ 
tory  fatigue. 

Two  series  of  loudness  level  measure¬ 
ments  were  conducted,  one  with  1-octavc- 
band-widc  and  another  with  '/j-octavc-band- 
wide  impulses  centered  at  different  frequen¬ 
cies. 

Results 

Equal  Loudness  Contours  of 

One-Octave. Band-Wide  Impulses 

One-octavc-band-wide  Impulses  were  dig¬ 
itally  constructed,  as  in  the  previous  experi¬ 
ments,  using  the  computer-controlled  genera¬ 
tion  system.  The  loudness  level  of  impulses 
was  measured  at  seven  center  frequencies 
(250,  500,  1,000,  2,000,  3,000,  ‘1,000,  and 
8,000  Hz)  and  at  five  levels  of  presentation 
(77,  82,  87,  92,  and  97  phons).  Nine  normal¬ 
hearing  listeners  participated  in  this  experi¬ 
ment,  and  their  hearing  threshold  levels  were 
better  than  15  dB  (ANSI  S3  6,  1989)  between 
250  and  8,000  Hz. 

The  equal  loudness  contours  obtained  at 
the  five  presentation  levels  were  strictly  paral¬ 
lel,  as  shown  in  Figure  32-5.  Each  data  point  is 
the  median  of  27  adjustments  made  by  nine 
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subjects.  It  can  be  seen  that  the  sensitivity 
reaches  a  maximum  at  3,000  Hz,  decreasing 
progressively  as  the  frequency  is  lowered.  The 
estimated  slope  is  equal  to  -5  dB  per  octave 
between  1,000  and  3,000  Hz,  and  -4.5  dB  per 
octave  between  250  and  1,000  Hz.  The  slope 
is  approximately  +4  dB  per  octave  between 
3,000  and  8,000  Hz.  Using  1,000  Hz  as  a  refer¬ 
ence,  one  must  decrease  the  SEL  by  8  dB  to 
obtain  the  same  loudness  level  at  3,000  Hz. 
This  difference  is  similar  to,  although  some¬ 
what  smaller  than,  what  wa;  Observed  with 
ATS.  But,  again,  these  contours  clearly  depart 
from  the  A-weighting  curve. 

Equal  Loudness  Contours  of 

One-Third-Octave-Band-Wide 

Impulses 

To  assess  the  individual  differences  in  the 
response  to  the  frequency'  content  of  narrow- 
band  impulses,  equal  loudness  contours  were 
obtained  with  20  normal-hearing  listeners,  10 
men  and  10  women.  These  subjects  did  not 
participate  in  the  experiment  reported  above 
with  the  l'Octavc-band-wide  signals.  Impulses 
were  digitally  constructed,  as  explained  ear¬ 
lier,  for  each  adjacent  normalized  '/3-octave 
band  between  1,000  and  8,000  Hz.  The  rise 
and  decay  time  ranged  from  3  ms  at  1,000  Hz 
to  0  3  ms  at  8,000  Hz;  the  B-duration  (see 
Coles  et  al,  1968)  ranged  from  23  to  3  ms.  Fig¬ 
ure  32-6  illustrates  the  type  of  signal  gener¬ 
ated:  the  acoustic  pressure  time  profile  and 
the  result  of  the  Fourier  analysis  of  the  im¬ 
pulse  centered  at  1,000  Hz  are  depicted.  The 
level  of  this  impulse  was  90  dB  SEL  and  l\6 
dB  peak.  Five  presentation  levels  were  tested. 
74,  79,  84,  89,  and  94  phons. 

There  w’crc  no  statistical  differences  be¬ 
tween  the  results  for  the  women  and  the  men, 
but  the  Individual  configurations  varied  con¬ 
siderably.  These  will  be  analyzed  elsewhere. 
Figure  32-7  presents  the  five  median  equal 
loudness  contours  that  were  obtained.  As  ex¬ 
pected,  the  maximum  sensitivity  is  located  at 
3,150  Hz.  The  slope  between  1,000  and  3,000 
Hz  is  steeper  than  with  the  octave  band  im¬ 
pulses,  approaching  -8  dB  per  octave.  The 
difference  in  level  to  achieve  the  same  loud¬ 
ness  at  these  two  frequencies  is  -11  dB. 
These  results  are  compared  in  Figure  32-8 
with  those  from  two  studies  on  steady-state 
signals  of  comparable  bandwidth  (Bauer  and 
Torick,  1969,  Stevens,  1971),  At  3,150  Hz,  our 
results  differ  slightly  from  those  of  the  other 
studies,  the  relative  loudness  level  being  3  dB 
lower.  There  is  also  a  difference  of  2  to  3  dB 
at  6,300  Hz  In  view  of  the  differences  in  the 


experimental  procedures  and  the  type  of  sig¬ 
nal  tested,  it  can  be  concluded  that  there  is 
still  a  close  agreement  bctwxcn  the  present 
results  and  the  results  from  studies  using  con¬ 
tinuous  noise,  especially  the  results  of  Stevens. 
This  similarity  strongly  suggests  that  the  effect 
of  the  center  frequency  for  these  two  types  of 
narrow'-band  signals  is  controlled  by,  the  same 
mechanism,  namely  the  transfer  function  of 
the  external  and  middle  ear.  As  for  continuous 
noises,  the  equal  loudness  contour  clearly  de¬ 
parts  from  the  A-weighting  curve.  This  is  fur¬ 
ther  emphasized  by  means  of  direct  compari¬ 
son,  as  shown  in  Figure  32-9-  The  median  re¬ 
sults  from  Figure  32-7  arc  presented  in  terms 
of  the  relative  sensitivity  of  the  ear  to  signals 
of  Giffcrent  frequency  content  (I).  The  A-,  D-, 
and  E-weighting  curves  arc  also  reproduced. 
The  D-weighting  curve  better  accounts  for  the 
relative  response  to  frequency  based  on  the 
present  results. 

Conclusion 

Using  two  lines  of  evidence,  namely  TTS 
and  loudness  measurements,  wc  have  shown 
that  the  spectral  content  of  nonreverberant 
impulses  has  a  major  effect  on  the  human  car 
response  at  levels  below’  135  dB  peak.  The 
data  reported  earlier  suggest  that  this  influ¬ 
ence  varies  according  to  the  bandwidth  of  the 
noise.  The  general  rules  for  predicting  this  in¬ 
fluence  could  be  derived  from  »Jhc  equal  loud¬ 
ness  contours,  which  accurately  characterize 
the  relative  sensitivity  of  the  car  to  both  tran¬ 
sients  and  steady-state  sounds  of  different  fre¬ 
quency  content,  as  proposed  two  decades  ago 
by  Johnson  and  Robinson  (1967,  1969).  The 
shape  of  such  contours  appears,  in  our  experi¬ 
ments,  to  be  little  influenced  by  the  sound 
level  in  the  range  of  85  dB  to  at  least  120  dB 
peak.  They  serve  better  than  the  A-wcighttng 
curve  to  account  for  the  effect  of  the  energy 
spectrum  of  impulse  noises  found  in  the  occu¬ 
pational  setting. 

It  is  w’orth  recalling  that  impact  noise  ex¬ 
posure  in  industry  may  very  well  involve  rela¬ 
tively  great  concentrations  of  sound  energy  in 
narrow  frequency  bands  centered  at  the  reso¬ 
nant  frequency’  of  the  impacted  structure.  One 
typical  example  is  the  noise  found  in  bottling 
plants;  the  empty  bottle  shocks  generate  im¬ 
pulses  of  very  narrow  bands  whose  center  fre¬ 
quency  generally  varies  between  2,000  and 
4,000  Hz,  depending  on  the  size  and  shape  of 
the  bottle  (H£tu  and  Parrot,  1978,  Figs.  1  and 
2).  This  phenomenon  could  explain  the  in¬ 
creased  noxiousness  of  impact  noise,  as  com- 


Figure  32-6 

Hz. 
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Figure  32*7  Median  equal  loudness  contours  of  Woctate  band  wide  impulses  presented  at  five  loudness  levels  (20 
normal  hearing  subjects).  SELdB,  sound  exposure  level  in  decibels. 


Relative  loudness  level  (re  :  1000  Hz-80  phons) 


*•“  Imp*  1/3  oct 
•°-  Bauor  and  Torick  (1969) 
Stevens  (1971) 


Frequency  (Hz) 

Figure  32*8  Comparison  of  equal  loudness  contours  relathe  to  80  phons  for  the  */>-octave  band  wide  impulses 
(Imp’Vi  oct)  derived  from  Figure  32*7  and  the  Steady-state  noises  of  the  same  bandwidth  as  reported  by  Bauer  and 
Torick  ( 1969)  and  Stevens  ( 1971 X 


pared  to  steady-state  noise  of  the  same 
amount  of  A-wcightcd  energy,  as  reported  in 
several  epidemiologic  studies  of  PTS  among 
industrial  workers  (Sulkowski  and  Lipowczan, 
1982;  Taylor  et  al,  1984;  Thicry  and  Meyer- 
Bisch,  1988>  In  other  words,  the  use  of  the 
A-weighting  could  have  led  to  an  underestima¬ 
tion  of  the  effect  of  impact  noises  with  spec¬ 
tral  peaks  around  3,000 <Hz  and  above,  be¬ 
cause  the  energy  associated  with  such  peaks  is 
treated  as  being  nearly  as  noxious  as  that  of 
noises  whose  maximum  energy  is  around 
1,000  Hz.  Such  a  possibility  could  be  exam¬ 


ined  in  future  field  studies  on  the  auditory  ef¬ 
fects  of  impulse  noise. 

The  present  results  agree  with  the  general 
hypothesis  put  forward  by  Price  ( 1983)  that 
the  spectral  content  strongly  determines  the 
damaging  power  of  impulse  noise  on  the  ear. 
But  our  results  are  not  directly  comparable  to 
those  of  Price  because  ( 1 )  they  do  not  refer  to 
the  same  ranges  of  sound  levels  and  numbers 
of  consecutive  impulses  and  (2)  they  do  not 
refer  to  the  same  type  of  pressure-time  pro¬ 
files,  Differences  of  the  latter  parameter  imply 
variations  in  the  duration  of  the  two  types  of 
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Figure  32*9  Relative  response  of  the  ear  as  a  function  of  the  frequency  content  of  sound  derived  from  the  equal 
loudness  contours  obtained  with  Vj-ocuvc  band  wide  Impulses  (I)  presented  In  Figure  32  7  and  from  the  normal 
ized  A*,  I)-,  and  E  weighting  curve*. 


impulses.  Moreover,  the  damage-risk  criterion 
proposed  by  Price,  defined  in  terms  of? peak 
pressure  level  versus  frequency,  does  not  al¬ 
low  one  to  take  into  account  the  effect  of  the 
duration  of  the  impulse  as  such  in  trying  to  ap¬ 
ply  his  criterion. 

Our  results  should  be  complemented  by 
studies  of  ATS,  PTS,  and  histologic  damage 
with  an  animal  model  using  the  same  type  of 
sound  signals.  This  could  serve  to  verify  the 
above  conclusions  and  also  to  better  charac¬ 
terize  the  effect  of  the  bandwidth  of  the  im¬ 
pulse.  Meanwhile,  the  data  reported  here 
strongly  indlcatfi  the  need,  In  any  study  proto¬ 
col  of  the  effects  of  Impulse  noise  on  hearing, 
to  strictly  cotitrol  the  spectral  content  of  the 
transient  signals  employed.  Such  control  is 
particularly  crucial  for  impulses  artificially 
generated  In  the  laboratory  using  elec¬ 
troacoustic  devices.  If  a  study  design  involves 
the  systematic  variation  of  the  peak  pressure 
level, 'then  the  effect  of  nonlinear  distortion  in 
the  generation  ^system  should  be  assessed, 
Otherwise,  the  increased  amount  of  energy  in 
the  higher  frequencies  due  to  distortion  could 
confound  the  effect  of  the  peak  pressure  level 
(Nicolas  et  al,  1990,  Figs,  10  and  11).  Even  if 
the  spectrum  as  such  is  not  investigated,  it 
should  be  determined  from  the  acoustic  out¬ 
put  of  the  generation  system  and  should  be 
explicitly  reported  in  any  published  account 
of  the  study.  Reporting  only  the  characteris¬ 
tics  of  the  input  signals  can  be  misleading 
This  is  illustrated  by  the  examples  shown  in 


Figure  32-10.  Two  types  of  input  signals  arc 
compared,  one  with  progressive  changes  in 
voltage  amplitude,  and  the  other  simulating  a 
gunshot,  with  an  abrupt  increase  in  the  volt¬ 
age  fed  into  the  driver  of  the  loudspeaker.  It 
can  be  seen  that,  in  the  second  ease,  the  re¬ 
sulting  acoustic  output  differs  considerably 
from  the  electric  input  to  the  compression 
driver  (l.c.,  the  output  of  the  power  amplifier) 
both  in  the  pressure-time  profile  and  in  the 
spectrum.  Even  with  a  corrected  input  signal, 
as  computed  from  the  equipment  transfer 
function,  differences  remain  In  the  output 
spectrum,  as  shown  in  the  lower  panel  of  Fig¬ 
ure  32- IOC.  Thus,  in  any  investigation  on  the 
effects  of  impulse  noise,  a  precise  account  of 
the  actual  signals  studied  is  crucial  in  order  to 
properly  validate  a  hypothesis  and  to  compare 
results  with  those  from  other  sources. 


Le  Spectre  des  Bruits 
Impulsionnels  et  la 
R6pons&  de  I’oreilie 
Humaine 


La  description  des  bruits  impulsionnels 
dans  -Ie  domaine  fr£qucntiel  offre  vraisem- 
blablement  une  base  de  prediction  des  effets 
de  ce  type  de  bruit  sur  l’orcille  humaine.  Ccla 
est  particulierement  le  cas  des  impulsions 
non  r£verb£rees  pour  lesquelles  le  spectre 
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Figure  32*10  Pressure-time  profile  and  Fourier  analysis  of  a  (sin  x>x  numeric  signal  (upper  panels)  and  of  a  sim 
ulated  gunshot  (lower  panels)  recorded  from  the  impulse-noise  generation  system  used  in  the  experiments  re¬ 
ported  in  the  text.  A,  Power  amplifier  output.  B.  Uncorrected  loudspeaker  output  C,  Corrected  loudspeaker  output 


peut ,  prendre  cn  comptc  I’influence  dc  para* 
metres  tcmporels  tcls  que  !a  duree  de  montec 
et  la  durie  totalc  du  signal.  Toutcfois,  tr&i  peu 
deludes  ont  port6  sur  la  contribution  du  spec* 
tre  &  la  prediction  des  effets  dcs  bruits  impul* 
sionnels  sur  l’orcillc  humalne,  principalement 
i  cause  dcs  difficultes  associccs  au  contrOIe 
experimental  de  ce  paramfctrc.  Grice  au  devel* 
oppement  d’un'generateur  ^impulsions  con¬ 
trive  par  ordinateur  nous  avons  menc  dcs 
etudes  ayant  pour  but  d’evaluer  i’importance 
du  spectre  dans  la  prediction  (a)  du  decalage 
temporaire  des  seuils  d’audition  (DTS)  pro* 


voque  par  des  impulsions  sonorcs  et  (b)  de  la 
sonic  dc  ce  type  de  bruit. 

Deux  series  de  travaux  ont  ete  realisees 
sur  I’acquisition  du  DTS  consecutif  L  i 
l’cxposition  &  des  Impulsions  non  reverberees 
presentees  &  une  cadence  de  1  par  seconde 
durant  dcs  intcrvalles  dc  4  60  minutes,  Dans 
la  premiere  sene,  on  a  varie  de  1  &  3  et  &  4 
kHz  la  frequence  supeneure  dc  coupure  d'une 
impulsion  cn  maintenant  constante  la  fre¬ 
quence  Inferteure  de  coupure  A  0,3  kHz.  Pour 
les  trois  sujets  participants  &  1‘cxperience,  1c 
SEL  du  bruit  permettant  d’induirc  des  DTS 
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d'amplcurs  similaires  devait  etre  de  plus  de  10 
dB  mfcricur  lorsque  le  spectre  s’etendait 
jusqu’i  3  kHz  par  comparaison  au  bruit  limite 
a  1  kHz.  Dans  la  deuxi&me  $6ric  d’exp&r* 
iences,  quatre  sujets  ont  die  exposes  £  dcs 
impulsions  de  largcur  spectrale  d’une  octave 
dont  la  frequence  centrale  dtait  1, 2, 3  ct  4  kHz, 
le  SEL  median  associd  £  unc  meme  amplcur 
de  DTS  dtait  dc  12  dB  plus  bas  dans  lc  cas  du 
bruit  ccntrd  £  3  kHz  par  comparison  c^celui 
ccntrd  £  1  kHz. 

Etant  donnd  les  fortes  contraintes 
qu'imposc  l’dtude  du  DTS  chez  des  sujets  hu- 
mains,  les  donndcs  mcntionndcs  plus  haut  ont 
dtc  compldtdcs  par  dcs  dtudes  dc  sonic  en 
utilisant  lc  meme  type  dc  bruit.  Lors  d’unc 
premiere  experience,  ncuf  sujets  ont  ajustd  le 
niveau  d’impulsions  dc  largcur  spectrale  d’unc 
octave  dc  fa^on  £  cc  qu’clles  apparaissent  dc 
meme  force  sonorc  qu’un  bruit  d’une  durdc 
dc  500  ms  ccntrd  £  1  kHz,  Sept  frequences 
centrales  ont  dtd  miscs  £  1’cssal,  soil  0,25  •  0,5 
•  1-  2*  3*  4-  ct  8  kHz  £  cinq  niveaux  dc  prdsen* 
tation,  soit  £  77,  82,  87,  92  ct  97  phones.  Les 
courbcs  d’isosonic  ainsl  obtcnucs  ressem* 
blaicnt  etroltcmcnt  aux  courbcs  dqulvalcntcs 
pour  dcs  bruits  continus  dc  rndme  largeur 
spectrale.  A  mdme  niveau  d’isosonic,  lc  SEL 
mddian  dc  l’impulsion  ccntrdc  £  3  kHz  dtalt  8 
dB  plus  bas  que  cclui  dc  (’impulsion  ccntrec  £ 
1  KHz.  Afin  dc  ccmcr  avee  plus  dc  precision  la 
sensibility  relative  dc  l’orcillc  humainc  aux 
impulsions  sonorcs  dc  spectre  dtroit,  la  sonic 
d’impulsions  d’un  tiers  d’oetave  a  dtd  dvaludc 
pour  chaquc  frequence  centrale  normalisdc 
entre  1  ct  8  kHz.  Vingt  sujets  ont  ajustd  la 
sonic  d’impulsions  en  reference  £  un  bruit 
d’une  durdc  dc  500  ms  ccntrd  £  1  kHz.  Les 
niveaux  dc  presentation  couvralent  unc 
gamme  dc  74  £  94  phones,  Les  courbcs 
d’isosonic  variaient  consid6rablcmcnt  d’un  su- 
jet  £  un  autre,  Mais  encore  unc  fois,  les  rdsul- 
tats  medians  montrent  unc  sensibility  maxi* 
male  £  3  kHz;  £  meme  niveau  d’isosonic,  lc  SEL 
£  3,15  kHz  dtalt  1 1  dB  plus  bas  qu’£  1  kHz. 

Tous  les  rdsultats  convergent  pour  mon- 
trer  que  la  fonction  de  transfert  dc  j’orcdle  ex* 
teme  et  moyenne  semblc  bien  gouvemer  la 
rdponsc  aux  Impulsions  nonrdverberdes  dc 
niveaux  inferieurs  £  HO  dB  erdte.  Par  conse¬ 
quent,  le  contcnu  spectral  peut  etre  consider* 
comme  un  prddicteur  puissant  dcs  effets  audi- 
tifs  des  bruits  impulsionncis. 
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CHAPTER  33 


Current  Issues  in  Hearing  Protection 


ELLIOTT  IL  BERGER 
FREDR1K  LLVDGRES' 


There  was  an  explosion  of  literature  on 
hearing  protection  devices  (HPDs)  and  hear¬ 
ing  conservation  in  the  1980s.  By  one  count 
(Berger,  1990a)  the  number  of  English-lan¬ 
guage  articles  in  the  1980s  (approximately 
800  citations)  was  more  than  twice  those  ap¬ 
pearing  in  the  1970s,  and  in  the  1970s  the 
published  an ides  exceeded  twice  the  number 
that  had  appeared  prior  to  that  decade 
(Berger,  1990a).  This  chapter  neither  analyzes 
nor  summarizes  that  vast  body  of  literature, 
but  rather  highlights  Ley  areas  of  current  re¬ 
search  and  discusses  the  unanswered  ques¬ 
tions  which,  when  resolved,  will  hold  the 
greatest  promise  of  benefit  to  those  requiring 
protection  from  hazardous  noise  exposures. 
Although  active  and  nonlinear  hearing  protec¬ 
tors  are  topics  that  might  well  be  included  un¬ 
der  the  above  criteria,  they  will  not  be  cov¬ 
ered  in  this  chapter  because  the)'  arc  dealt 
with  by  other  authors  in  this  book. 

HPDs  of  Better  Sound 
Quality 

One  of  the  principal  problems  faced  by 
hearing  conservationists  is  oyercoming  em¬ 
ployee  resistance  to  the  use  of  hearing  protec¬ 
tion  devices.  The  causes  of  such  resistance  arc 
varied,  but  a  dominant  otic  is  the  noise  reduc¬ 
tion  of  the  hearing  protector  interfering  with 
or  distorting  the  sounds  the  wearer  wishes  to 
hear.  Although  this  problem  can  be  addressed 
ip  part  by  an  effective  educational  and  motiva¬ 
tional  program,  a  potentially  more  successful 
approach  is  the  design  of  improved  HPDs-— 
devices  that  provide  uniform  attenuation 
across  frequency,  and  that  provide  an  opti¬ 
mized  rather  than  a  maximized  amount  of  at- 
tenuatioa 


The  attenuation  of  traditional  HPDs  in¬ 
creases  with  frequency  as  a  result  of  the  basic 
physics  of  sound  transmission  loss  through  a 
sealed  orifice  or  a  solid  shell  (Shaw,  1982). 
This  characteristic  is  more  pronounced  for 
earmuff;  than  for  earplugs.  The  disadvantage 
of  attenuation  increasing  with  frequency  is 
that  sounds  become  distorted.  Workers  with 
noise-induced  hearing  loss  arc  especially  dis¬ 
advantaged.  Speech  appears  muffled  and  may 
be  harder  to  understand.  Machine  sounds  arc 
altered  and  may  be  more  difficult  to  evaluate. 
The  world  sounds  different,  strange,  or  un¬ 
pleasant.  An  HPD  with  uniform  attenuation, 
Lc,  possessing  a  flat  frequency  response,  can 
overcome  or  reduce  many  of  these  problems 
(Alberti,  1987;  Coleman  ct  al,  1984;  Gorman, 
1982).  As  summarized  by  Lazarus  ( 1983),  “To 
ensure  the  least  possit  -  adverse  effect  on  the 
recognition  of  acoustic  signals,  hearing  protec¬ 
tors  whose  sound  attenuation  is  hugely  inde¬ 
pendent  of  frequency*  in  the  frequency  range 
of  the  masking  noise  and  the  acoustic  signals 
should  be  used." 

likewise,  the  problem  of  ovcrprotcction 
has  been  discussed  in  the  literature  (Abel  ct 
al,  1952),  and  at  least  one  national  standard 
(Canadian  Standards  Association  29-t  2)  indi¬ 
cates  that  moderate-  or  low-attenuation  HPDs 
may  be  preferable  for  certain  noise  exposures 
(CSA,  1984).  Consider  too,  that  equivalent 
daily  exposures  in  al»out  90  percent  of  noisy 
industries  in  the  United  States  are  less  than  or 
equal  to  95  dBA  (OSHA,  1983),  and  the  re¬ 
quired  protection  under  such  conditions 
amounts  to  only  about  10  dB  of  actual  deliv¬ 
ered  on-the-job  noise  reduction. 

In  response  to  these  problems,  sonic  man¬ 
ufacturers  have  introduced  HPDs  providing 
moderate,  flat  attenuation  across  the  impor¬ 
tant  audio  frequencies  (Allen  and  Berger, 
1990;  JGllicn  ct  al,  1988),  and  other  designs 
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Figure  35-1  Realesr  iitenuauoo  of  a  moderaxc-  and  rdaxhdy  C«  anenunion  etrrauff  (E-A-R  Um  9.000  muff) 
compared  to  a  conventional  cannuff. 


arc  expected  to  follow.  Examples  of  the  atten¬ 
uation  of  a  currently  available  cannuff  and  car- 
plug  arc  shown  in  Figures  33-1  and  33-2.  re¬ 
spectively,  where  their  performance  is  com¬ 
pared  to  conventional  products.  The  desired 
attenuation  in  these  new  designs  is  achieved 
by  providing  a  controlled  sound  path  through 
the  hearing  protector.  In  the  case  of  the  ear- 
muff  the  path  is  tlirough  an  orifice  into  a  duct- 
and-carpad  assembly,  which  communicates  di¬ 
rectly  with  the  canal  entrance.  In  the  ease  of 
the  earplug,  the  path  is  through  a  thin  dia¬ 
phragm,  an  acoustical  network,  and  into  a 
large-diameter  bore  through  the  canal  portion 
of  the  earplug 

Additional  devices  like  those  described 
above,  but  with  various  tailored  attenuation 
characteristics,  degrees  of  complexity,  and 
costs,  must  be  developed  and  distributed,  and 
research  quantifying  their  performance  advan¬ 
tages  must  be  conducted  Of  equal  imi>or- 
tance,  users  as  well  as  manufacturers  of  HPDs 
must  be  educated  regarding  the  value  of  prod¬ 
ucts  that  arc  matched  to  particular  noise  ex¬ 
posures  instead  of  simply  purchased  for  maxi¬ 
mum  protection. 


Strategies  for  Training 
and  Motivation 

Although  the  literature  provides  guidance 
in  training  and  motivation  of  those  required  to 
wear  HPDs  (Royster  and  Royster,  1986b)  and 
demonstrates  the  value  (primarily  in  the  short 
term)  of  certain  educational  and  motivational 
approaches  (Fleming  1980;  Harvey,  1981; 
Sadler  and  Montgomery,  1982;  Zohar  ct  al, 
1980),  ample  evidence  exists  to  demonstrate 
that  the  majority  of  industrial  and  military 
hearing  conservation  programs  arc  not  effec¬ 
tive  for  the  prevention  of  noise-induced  hear¬ 
ing  loss  (ANSI,  1990;  Royster  and  Royster, 
1988). 

Reasons  for  resistance  to  the  use  of  hear¬ 
ing  protectors  have  been  identified.  For  exam¬ 
ple,  Herberg  (1984)  interviewed  210  employ¬ 
ees  in  the  metal-working  mining  and  textile 
industries,  and  found  that  the  reasons  that  the 
employees  resisted  the  use  of  hearing  protec¬ 
tors  included  a  subjective  tolerance  for  noise, 
a  concern  that  HPDs  would  make  it  harder  to 
hear  their  machines  and  to  work  effectively 
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figure  35-2  Real-ear  attenuaxiort  of  a  modenue-  and  ccremd)'  fiat-ancnuauoa  earplug  (Emnouc  ER-15  earpluc) 
cooTparcd  to  conrcxuiocuJ  foam,  fiberglass,  and  pranoided  earplugs. 


and  ihn  use  of  HPDs  would  interfere  with 
communi'^tions,  an  intolerance  for.  the  isola¬ 
tion  they  felt  while  wearing  henring  protec¬ 
tion,  an  altered  body  image,  a  physical  intoler¬ 
ance  for  the  subjective  tactile  and  aural  sensa¬ 
tions  they  felt  while  wearing  HPDs, .  lack  of 
concern  ior  future  consequences  (lc.,  hearing 
loss),  and  response  to  peer  pressure- 

Not  only  must  existing  training  and  moti¬ 
vational  strategies  be  more  widely  imple¬ 
mented,  but  available  approaches  must  be 
more  fully  validated  (especially  with  regard  to 
long-term  effectiveness),  and  additional  tech¬ 
niques  should  be  developed.  Large-scale  in¬ 
field  experiments  demonstrating  the  short¬ 
term  and  long-term  effects  on  both  the  per¬ 
centage  of  exposed  individuals  wearing  HPDs 
and  their  achieved  protection,  would  be  of 
particular  value.  Finally,  methods  arc  needed 
for  training  those  persons  within  the  hearing 
conservation  program  (HCP)  whose  responsi¬ 
bility  it  is  to  instruct  the  actual  users  in  the 
proper  use  of,  because  there  is  evidence  that 
the  trainers’  HPD  knowledge  and  fitting  skills 
arc  sorely  lacking  (Royster  and  Royster, 
1990). 


Real-World  Attenuation 

Since  Regan  ( 1977)  published  one  of  ihc 
firs!  quantitative  studies  of  real-world  attenua¬ 
tion  (Lc.,  attenuation  achieved  in  practice  by 
employees  in  an  HCP),  at  least  15  additional 
studies  conducted  in  more  than  75  different 
industries  in  6  different  countries,  including 
2,247  cmployec/subjccts,  hate  been  con¬ 
ducted.  Portions  of  those  data  have  been  pre¬ 
viously  summarised  by  Berger  (1983,  1988). 
The  current  results  on  the  complete  database 
closely  parallel  the  earlier  findings,  which 
demonstrated  that  current  laboratoty  data  re¬ 
ported  in  the  United  States  provide  neither  an 
accurate  indicator  of  the  absolute  magnitude 
of  field  attenuation  nor  a  useful  tool  to  esti- 
mate  tic  rank  ordering  of  such  results. 

The  real-world  data  arc  summarized  in 
terms  of  a  single  number  rating,  the  noise  re¬ 
duction  rating  (NRR;  see  EPA,  1979),  in  Figure 
33-3,  where  the)’  are  compared  to  laboratoty 
data  currently  reported  for  products  sold  in 
North  America.  The  real-world  NRRs  arc  com¬ 
puted  with  a  one-standard  deviation  correc¬ 
tion  to  represent  values  obuined  by  about  84 
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Labeled  vs.  Field  Attenuation 


earplugs,  canal  cap 


earmuffs 


Figure  35*3  Cosr.partsoo  of  reaJ  wwkl  ("field")  rxwc-reductioo  ratings  (NRRs)  to  manufacturers  Lu.  ■’•aiory  values 
published  In  North  America.  Rdd  NRRs  arc  computed  with  a  ooc-standard  deviation  correction,  whereas  the  lab¬ 
oratory  NRRs  include  a  two-standard  deviation  correction.  The  minimum  sample  size  for  each  field  data  point  is  25 
subjects. 


percent  of  the  wearers.  Products  are  shown 
individually  for  all  cases  with  a  subject  count 
of  greater  than  25;  otherwise  the  results  were 
averaged  together  into  generic  earplug  catego¬ 
ries  or  into  one  earmuff  category  labeled  “Mis¬ 
cellaneous." 

The  average  real-world  NRRs  for  insert 
and  semi-insert  devices  range  from  2  to  12  dB, 
averaging  6  dB.  As  a  percentage  of  laboratory 
values,  the  field  results  vary  widely  across  de¬ 
vices  from  8  to  56  percent  (averaging  26  per¬ 
cent),  and  are  thus  not  amenable  to  a  precise 
derating  value  that  would  be  appropriate  for 
all  products.  For  earmuffs  the  real-world  NRRs 
show  greater  uniformity,  ranging  from  8  to  14 
dB,  with  an  average  value  of  12  dB.  As  a  per¬ 
centage  of  laboratory  data  the  values  range 
from  35  to  67  percent  with  an  average  of  50 
percent. 

Although  the  sample  size  is  large  for  cer¬ 
tain  products  shown  in  Figure  33-3,  additional 
data,  especially  on  semlaural  devices,  would 
be  of  value  to  provide  more  accurate  product- 
specific  information.  Of  equal  interest  arc 
studies  to  demonstrate  achievable  attenuation 


in  optimized  HCPs  as  well  as  the  evaluation  of 
the  real-world  performance  of  earmuffs  and 
earplugs  worn  in  combination. 


More-Representative 
Laboratory  Methods 

As  discussed  above,  typical  laboratory-de¬ 
rived  attenuation  values  provide  poor  esti¬ 
mates  of  real-world  attenuation.  The  problem 
primarily  lies  in  the  subject  selection,  supervi¬ 
sion,  training,  and  fitting  procedures  used  in 
the  laboratory',  which  are  developed  with  the 
intention  of  yielding  optimum  attenuation  re¬ 
sults,  highly  reproducible  data,  or  both  rather 
than  values  that  reflect  real  world  use  and 
w  earing  conditions  (Berger,  1988)  To  be  able 
to  better  match  HPDs  to  their  intended  appli¬ 
cations,  laboratory  protocols  are  required  that 
provide  data  that  is  more  representative  of  ac¬ 
tual  field  performance. 

Currently,  an  American  National  Stan- 
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Figure  33-4  Comparison  of  three  procedures  for  measuring  real<ar  alternation  of  foam  earplugs.  Tjpical  labora¬ 
tory  data  are  an  average  of  18  10-subjcct  tests  per  ANSI  SI 2.6,  as  practiced  in  one  laborator>  in  the  United  States. 
Subject  fit  included  100  subjects  tested  using  procedures  like  those  under  deselopmcnt  by  ANSI  S12/WG11,  aver¬ 
age  real-world  data  included  11  studies  with  471  subjects.  (Data  from  Berger  EH  Can  real  world  attenuation  be 
estimated  usirg  laboratory’  data?  Sound  and  Vib  1988;  22(1 2 >26-31.) 


dards  Institute  (ANSI)  working  group  (WG) — 
ANSI  S12/WG11 — is  addressing  this  problem 
and  has  devised  a  test  protocol  that  will  be 
evaluated  by  a  number  of  North  American  lab* 
oratories  (Berger,  1990b).  The  feasibility  of 
using  the  resultant  data  to  estimate  actual  held 
performance  will  be  assessed  by  comparing 
the  results,  averaged  across  laboratories,  to 
the  real-world  database  cited  above.  The  goal 
is  to  estimate  the  protection  that  can  be,  or  is 
being,  obtained  in  the  top  10  to  20  percent  of 
today's  industrial  and  military  hearing  conser¬ 
vation  programs..  WG  ITS  intcrlaboratory  data 
will  also  be  compared  between  laboratories  to 
determine  whether  the  reproducibility  is 
within  acceptable  limits  and  how  It  compares 
to  the  results  of  previous  intcrlaboratory  com¬ 
parisons. 

One  example  of  the  influence  of  labora¬ 
tory  procedures  on  attenuation  data  is  shown 
in  Figure  33*4  (Berger,  1988).  The  typical  lab¬ 
oratory  data  *re  indicative  of  current  test 
practices  in  the  United  States  as  embodied  in 
ANSI  S12  6-1984  (ANSI,  1984),  whereas  the 
subject-fit  data  arc  based  on  a  protocol  in 


which  primarily  naive  subjects  w’crc  given  the 
HPDs  along  with  written  instructions,  but 
with  no  experimenter  assistance  whatsoever. 
Such  a  protocol  is  closely  modeled  after  the 
one  under  development  by  WG11.  The  real- 
world  data  arc  an  average  of  1 1  separate  field 
studies.  Note  how  the  subject-fit  data  corre¬ 
spond  much  more  closely  with  the  real-world 
data  than  do  the  values  based  on  the  typical 
laboratory  protocol. 

The  influence  of  fitting  procedure  illus¬ 
trated  in  the  preceding  example  is  consider¬ 
ably  greater  for  earplugs  than  for  carmuffs. 
This  is  not  only  because  earplugs  arc  more  dif¬ 
ficult  to  fit  and  more  liable  to  be  misused,  but 
because  there  is  also  a  greater  range  of  op¬ 
tions  on  how  to  fit  them  correctly  in  the  labo¬ 
ratory  and  how  they  may  be  misfitted  in  the 
field.  Also,  it  should  be  noted  that  the  "typical 
laboratory”  results  pertain  to  data  from  the 
United  States,  because  as  Berger  (1988)  has 
observed,  certain  facilities  in  Australia  and  Eu¬ 
rope  already  use  test  protocols  that  yield  re¬ 
sults  that  more  nearly  approximate  real-world 
data. 
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Sound  Field  NRR{S 

Figure  33-5  Scattcrgram  of  pore-tone  earphone  attenuation  at  500  Hz  versus  the  NRR*  computed  from  sound  field 
attenuation  measurements  for  300  measurements  (15  subjects  x  2  tjpes  of  fit  x  5  tjpes  of  earplugs  x  2  replica¬ 
tions).  The  subscript  on  the  NRR  indicates  a  value  calculated  for  each  test  on  each  individual  subject  (is) 


Quantitative  Fit  Tests 

Numerous  existing  methods  for  develop¬ 
ing  group  attenuation  data,  cither  in  the  field 
or  in  the  laboratory,  have  been  described  and 
arc  available  (Berger,  1986)  However,  field 
methods  and  statistical  techniques  applicable 
to  individual  users  for  quantitative  fit  tests 
have  not  been  established.  Such  techniques 
would  aid  In  developing  better  procedures  for 
dispensing,  fitting,  training,  and  motivating 
employees  in  the  use  of  their  devices.  The 
methods  might  include  the  use  of  circumaural 
test  devices  to  test  earplugs  (Berger,  1989), 
probe  mfcropliones  to  test  earmuffs  (Liu  et  al, 
1989),  or  even  evoked -response  audiometry' 
to  test  all  types  of  HPDs  (Wilde  and  Humes, 
1987). 

The  method  of  using  a  circumaural  test 
device  consists  of  measuring  real-ear  attenua¬ 
tion  at  threshold  in  a  manner  directly  analo¬ 
gous  to  the  electroacoustic  procedures  of 


ANSI  $126  or  International  Standuds  Organi¬ 
zation  (ISO)  4869-1,  except  that  the  incident 
sound  field  is  created  inside  circumaural 
carcups  instead  of  within  a  room.  Berger 
(1989)  has  shown  that  with  use  of  this 
method,  pure  tones  can  be  substituted  for  Vy 
octavc-band  signals,  and  a  reasonable  estimate 
of  overall  attenuation  can  be  derived  by  test¬ 
ing  only  one  or  two  frequencies  such  as  500 
or  1,000  Hz,  or  both. 

One  example  of  the  type  of  data  resulting 
from  the  use  of  circumaural  test  devices  is 
shown  in  Figure  33*5,  which  is  a  scattcrgram 
of  the  purc-tone  attenuation  at  500  Hz  mea¬ 
sured  with  the  circumaural  device  versus  an 
overall  average  attenuation  rating,  the  NRR. 
The  NRR  was  computed  from  Woctavc-band 
sound  field  attenuation  measurements  (per 
ANSI  SI 2  6)  on  the  same  subjects  for  the  same 
fitting  of  the  device.  Note  the  excellent  corre¬ 
lation  between  the  two  types  of  measure¬ 
ments  and  the  agreement  for  the  averaged  re- 
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suits  (coefficient  of  determination,  r2  =  0-88). 
However,  in  five  of  the  3<X)  eases  the  pure- 
tonc  headphone-measured  attenuation  ex¬ 
ceeded  the  sound-field  NRR  by  more  than  10 
dB  and  thus,  in  those  cases,  predictions  of  at¬ 
tenuation' based  on  the  headphone  measures 
would  be  substantially  in  error.  Suitable  pro¬ 
cedures  to  handle  such  situations  as  well  as 
additional  data  demonstrating  the  degree  and 
extent  of  the  errors  arc  required  before  such 
techniques  can  be  recommended  for  general 
application  in  industry. 

Audiometric  Database 
Analysis  Techniques 

The  three  preceding  sections  call  for  data 
to  letter  rate  HPDs  and  prescribe  them  for 
particular  applications,  but  once  they  are  in 
use,  methods  must  be  devised  to  determine  if 
in  feet  the  HPDs  arc  working — Lc.,  protecting 
the  individuals  who  arc  wearing  them  from  in¬ 
curring  noise-induced  hearing  losses  (NIHls). 
In  the  United  States  at  least,  the  data  for  such 
determinations  arc  available,  because  annual 
audiometric  evaluations  arc  required  for  all 
employees  working  in  time-weighted  average 
(TWA)  exposures  equal  to  or  greater  than  85 
dBA  (OSHA,  1983).  Although  the  data  have 
been  primarily  collected  with  the  intent  of 
monitoring  the  effects  of  the  noise  on  individ¬ 
uals,  they  are  a  powerful  tool  for  program 
analysis  (Royster  and  Royster,  1986a)  and 
even  for  the  evaluation  of  HPD  effectiveness 
(Royster  et  al,  1984). 

ANSI  working  group  S12AVG 12  has  devel¬ 
oped  a  draft  national  standard  (ANSI  SI 2. 13) 
based  on  evaluation  of  numerous  industrial 
and  military  audiometric  databases.  It  de¬ 
scribes  procedures  by  which  individual  annual 
audiograms  arc  sequentially  compared  (ic., 
test  2  to  test  1,  test  3  10  test  2,  etc.)  to  deter¬ 
mine  the  number  of  individuals  whose  hearing 
has  changed  by  specified  amounts.  The  values 
arc  then  compared  to  proposed  reference  val¬ 
ues,  and  the  HOP  Is  evaluated  as  acceptable, 
marginal,  or  unacceptable. 

The  draft  standard  is  the  culmination  of 
years  of  data  collection  and  analysis,  and  yet  in 
some  ways  it  still  represents  a  beginning. 
What  i$  now*  required  is  for  industry  and  the 
military  to  apply  these  procedures  to  their 
HCPs,  and  to  evaluate  and  provide  comments 
on  the  draft  standard.  An  important  goal  of  the 
use  and  comment  period  is  the  development 
of  additional  reference  databases  (those  which 


a  priori  are  known  to  be  cflectivc)  that  can  be 
used  to  more  precisely  delimit  the  boundaries 
between  HCPs  that  arc  considered  acceptable, 
marginal,  and  unacceptable. 

Effects  of  HPDs  on 
Communications 

The  literature  on  the  effects  of  HPDs  on 
the  ability  to  communicate  and  detect  warn¬ 
ing  sounds  is  extensive.  Comprehensive  over¬ 
views  have  been  published  by  iazarus  ( 1983), 
Wilkins  and  Martin  (1987),  and  Sutcr  (1989). 
In  general,  the  results  show  that  those  with 
normal  hearing  who  wear  HPDs  in  noise  levels 
greater  than  about  85  dBA  demonstrate  an 
ability  to  hear  speech,  machinery,  and  warning 
sounds  that  is  either  relatively  unaffected  or 
slightly  improved.  For  others,  the  effects  will 
depend  on  many  factors,  including  their  hear¬ 
ing  loss,  the  noise  level,  the  signal  to  noise  ra¬ 
tio,  the  temporal  characteristics  of  the  signal, 
the  HPD  attenuation,  the  visual  cues,  and  the 
message  set.  Additional  research  is  called  for 
to  better  quantify  these  effects  and  their  inter¬ 
actions. 

Of  particular  interest  is  the  development 
of  predictive  techniques  to  aid  in  specifying 
HPDs  for  particular  user  groups  and  applica¬ 
tions,  and  even  more  importantly  for  individ¬ 
ual  wearers,  based  on  their  own  hearing  sensi¬ 
tivity.  Various  computational  schemes  incor¬ 
porating  measures  of  hearing  sensitivity,  signal 
levels,  and ''HPD  attenuation  have  been  re¬ 
ported  (Durkin,  1979;  Pfeiffer,  1989),  but  only 
two  studies  include  empirical  data  comparing 
speech  intelligibility  measures  from  human  lis¬ 
teners  with  computational  predictions  (Cole¬ 
man  ct  al,  1984;  Wilde  and  Humes,  1990). 

Wilde  and  Humes  measured  speech  intel¬ 
ligibility  using  the  revised  speech  perception 
in  noise  (SPIN)  test  (sentence  materials)  on 
12  normal  and  12  hearing-impaired  listeners 
under  21  different  combinations  of  varying 
noise  level,  noise  type,  and  protection  or  lack 
of  protection.  For  each  condition,  the  articula¬ 
tion  index  (Al)  values  were  computed,  taking 
into  account  the  individual's  hearing  impair¬ 
ment.  In  Figure  33-6  the  measured  speech  dis¬ 
crimination  scores  are  plotted  versus  the  Al 
values.  Each  point  represents  the  average  re¬ 
sults  for  either  the  normal  or  hearing-impaired 
subjects.  Wilde  and  Humes  found  that  both 
sets  of  mean  data  points  could  be  described 
by  the  same  Al  transfer  function  (root-mean- 
square  error  of  about  10  percent),  but  predic- 
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ARTICULATION  INDEX 

Figure  33-6  Scauergram  of  mean  speech  recognition  scores  versus  computed  Articulation  Index  values.  Hath  point 
represents  the  average  data  for  12  normal  or  12  hearing  impaired  listeners  measured  in  one  of  21  different  combi 
nations  of  varying  noise  level,  noise  type,  and  protection  or  lack  of  protection,  (From  Wilde  GL,  Humes  LE.  Appli¬ 
cation  of  the  articulation  index  to  the  speech  recognition  of  normal  and  impaired  listeners  wearing  hearing  protec¬ 
tion.  J  Acoust  Soc  Am  1990, 87(3>1 192-1 199.) 


lions  for  individuals  varied  widely.  Obviously, 
further  research  is  warranted  in  these  areas. 

Recreational  Earphones 
and  Personal  Music 
Systems 

Listening  to  music  while  at  work,  espe¬ 
cially  when  the  job  is  repetitive  and  otherwise 
boring,  is  pleasurable  to  many  employees. 
However,  it  may  be  hazardous  as  well,  and  few 
reports  arc  yet  available  to  properly  evaluate 
the  problem.  Employees  may  choose  to  use 
recreational  earphones,  usually  of  the  Walk¬ 
man  variety,  or  clrcumaural  or  supra-aural  de¬ 
vices  with  built-in  earphones,  or  even  spe¬ 
cially  designed  noise-attenuating  carmuffs 
with  Internal  earphones.  The  attenuation  of 
such  devices  varies  from  virtually  nothing  at 
all  with  the  Walkman-type  units  to  values  ap¬ 
proaching  those  of  conventional  carmuffs 
(Karlovich,  1988;  Skrainar  ct  al,  1985;  Waugh 
and  Murray,  1989).  Representative  data  are 
shown  in  Figure  33*7. 

Regardless  of  the  protection  music  sys¬ 
tems  may  or  may  not  provide,  the  more  com¬ 
plex  issues  regarding  them  include  (1)  the  in¬ 
creased  hearing  risk  that  employees  may  expe¬ 
rience  fire  i  the  amplified  music  superimposed 
on  the  partly-attenuated  ambient  noise,  (2) 
the  additional  isolation  from  their  auditory  en¬ 


vironment  that  employees  may  experience  be¬ 
cause  of  masking  caused  by  the  music,  and  (3) 
the  effects  of  music  on  productivity,  safety,  ab¬ 
senteeism,  and  the  employee  willingness  to 
wear  hearing  protection  Some  data  arc  avail¬ 
able,  as  discussed  below,  but  these  topics  rep¬ 
resent  an  area  almost  devoid  of  reported  re¬ 
search, 

Skrainar  ct  al  (1987)  evaluated  earphone 
usage  In  one  industrial  environment  with  a 
TWA  of  87  dBA,  Use  of  the  earphones  in¬ 
creased  the  employees’  TWAs  by  less  than  2 
dBA  on  the  average,  leading  to  a  predicted  in¬ 
crease  of  NIHL  for  the  most  sensitive  5  per¬ 
cent  of  the  population  after  20  years  of  expo¬ 
sure  of  about  4  dB  at  4  kHz,  The  authors  rec¬ 
ommended  allowance  of  continued  usage  with 
certain  restrictions.  In  a  laboratory  study, 
Waugh  and  Murray  (1989)  found  an  increase 
in  listening  levels  in  high  ambient  noise  of 
about  5  dBA  and  recommended  that  such  de¬ 
vices  should  not  be  worn  when  exposures 
equivalent  to  8  hours  exceeded  80  dBA. 

With  respect  to  item  (2)  above — addi¬ 
tional  isolation  from  the  auditory  environ¬ 
ment — only  one  reported  article  has  directly 
addressed  the  problem  (Acton  and  Childs, 
1974).  The  authors  recommended  playing 
music  in  one  ear  only,  which  in  their  study  re¬ 
duced  the  masking  effect  from  13  to  3  dB.  Al¬ 
though  there  is  much  literature  on  item  (3), 
the  effects  of  music  on  employee  behavior,  for 
noise  environments  that  pose  no  auditory  haz- 
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Figure  33*7  Attenuation  of  various  recreational  earphones  compared  to  a  representative  small  volume  noisc-aitcn 
uating  earmuff.  Walkman  type  data  from  Skramar  ct  al,  1985,  circumaural  data  from  Skrainar  ct  al,  and  Waugh  and 
Murray,  1989  (average  of  six  brands);  supra  aural  data  from  Karl  ouch,  1988. 


ard  (Fox,  1983),  the  literature  is  sparse  for  en¬ 
vironments  with  higher-level  noise.  One  Rus¬ 
sian  study  (Derevyanko  ct  al,  1977)  examined 
the  issue  in  a  cannery  with  noise  levels  above 
90  dBA,  and  employees  wearing  radio- 
equipped  earmuffs  with  the  music  cither  on  or 
off.  Their  165  subjects  reported  fewer  subjec¬ 
tive  complaints  when  listening  to  the  music. 
The  results  correlated  well  with  objective 
measures  of  muscle  endurance,  strength,  and 
the  visual  flicker  frequency. 

International  Standards 

International  standards  for  hearing  protec¬ 
tion  arc  the  responsibility  of  the  ISO,  There 
are  two  ISO  groups  working  in  this  area.  The 
most  prolific  and  the  older  of  the  two  groups 
is  WG  17,  which  deals  with  the  measurement 
of  sound  attenuation  of  HPDs.  WG  17  is  part 
of  Technical  Committee  (TO)  43,  Acoustics, 
The  other  group  is  Subcommittee  (SC)  12, 
which  is  part  of  TC  94,  Personal  Safety — Pro¬ 
tective  Equipment  and  Clothing. 

WG  17  is  responsible  for  ISO  4869, 


Acoustics— Hearing  Protectors,  which  is  di¬ 
vided  into  three  parts  (ISO  1989,  1990a, b). 
Part  1  describes  a  real-car  attenuation  at 
threshold  (REAT)  method  of  measuring  atten¬ 
uation  and  is  an  update  and  minor  revision  of 
the  previous  version  of  that  standard.  Part  2 
describes  use  of  the  data  from  Part  1,  i  c ,  how 
to  compute  effective  exposures  when  HPDs 
arc  worn.  It  includes  an  octave-band  method 
as  well  as  two  alternative  simplified  proce¬ 
dures,  the  HML  (high  medium-low)  method 
and  the  SNR  (single  number  rating).  The  SNR 
requires  use  of  only  C- weighted  noise  measure¬ 
ments;  the  HML  requires  C*  and  A-weightcd 
measurements;  and  the  octave-band  method 
obviously  requires  a  full  octave-band  noise  anal¬ 
ysis,  Part  3  is  entitled  -Simplified  method  for  the 
measurement  of  insertion  loss  of  ear-muff  type 
protectors  for  quality  inspection  purposes."  It 
describes  the  use  of  a  cylindrical  steel  acoustic 
test  fixture  (ATF),  which  can  be  placed  in  a  free 
sound  field  (established  in  a  room  or  tunnel)  or 
diffuse  field. 

As  of  this  writing,  SC  12  has  no  published 
standards,  although  it  is  currently  working  or. 
three  draft  documents.  The  first  describes 
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physical  testing  and  requirements  for  ear- 
muffs.  It  contains  criteria  on  the  ability  of  ear- 
muffs  to  fit  heads' ^nd  ears,  limitations  on  their 
band  force  and  applied  cushion  pressure,  drop 
tests,  flammability  specifications,  cushion  leak¬ 
age  tests,  band  flexure  testing,  water  immer¬ 
sion  testing,  limitations  on  the  change  in  band 
force  and  insertion  loss  (measured  on  an  ATF) 
after  durability  testing,  and  then  specifies  that 
REAT  measurements  arc  to  be  conducted  on 
the  used  (durability-tested),  rather  .than  new, 
samples. 

SC  12’s  second  draft  document  is  on  phys¬ 
ical  testing  and  requirements  for  earplugs.  Al¬ 
though  the  document  lists  a  number  of  re¬ 
quirements,  including  flammability  testing  and 
provision  for  a  nominal  sizing  specification 
based  on  10  circular  holes  of  different  diame¬ 
ter  in  a  thin  plate,  the  requirements  are  gen¬ 
eral  enough  that  they  represent  more  of  a 
wish  list  and  a  description  of  the  status  quo, 
rather  than  specific  technical  requirements. 

And  finally,  SC  12  is  working  on  a  docu¬ 
ment  that  will  provide  guidance  for  selection, 
use,  and  care  of  HPDs. 

Conclusion 

Wc  have  come  a  long  way  since  the  de¬ 
velopment  of  serious  Interest  in  hearing  con¬ 
servation  following  World  War  II,  and  yet 
there  remains  much  fertile  ground  for  con¬ 
tinuing  research.  Because  of  the  constraints  on 
funding  and  the  abundance  of  questions,  re¬ 
search  will  be  most  beneficial  if  focused  on 
key  areas.  The  nine  issues  discussed  in  this 
chapter  are,  In  our  opinion,  hearing  protection 
topics  of  substantial  concern  and  controversy, 
and  those  worthy  of  this  focus.  They  arc  not 
the  only  issues  requiring  Investigation,  but  arc 
the  areas  that  we  believe  will  prove  the  most 
fruitful  for  future  investigative  efforts. 

Principaux  Problemes 
Poses  par  la  Protection 
Contre  le  Bruit 

Dans  le  domainc  de  la  protection  auditive, 
la  technologie  a  prohfere  depuis  le  debut  dcs 
annees  1970  et  l'attention  portae  k  la  conser¬ 
vation  de  l’audition  s’est  accrue  consid6rable- 
ment  dans  les  annees  1980,  L’mterct  durant 
ces  dix  dernibres  annees  a  cte  stimuI6  par 
ftvfencmcnt  de  nouvelles  recommandations 
comme  TAmendement  pour  la  Conservation 
de  i’Audition”  dc  "{’Administration  de  la  Secu 


rite  et  de  {’Hygiene  du  Travail  des  Etats-Unis” 
(US.  Occupational  and  Health  Administra¬ 
tion’s  (OSHA)  Hearing  Conservation  Amend¬ 
ment)  (1983)  et  la  “Preparation  Europeenne 
de  la  Mise  en  Conformite”  (European  Prepara¬ 
tion  for  Compliance)  qui  debute  cn  janvier 
1990  avec  la  “Directive  du  Conseil  (Council 
Directive)  96/188/EEC  sur  la  Protection  des 
Travailleurs  contre  le  Risque  lie  a  {’Exposition 
au  Bruit"  (Protection  of  Workers  from  the 
Risks  Related  to  Exposure  to  Noise  at  Work). 
Malgrc  ces  orientations,  beaucoup  de  ques¬ 
tions  et  de  problfcmes  lies  k  la  protection  audi¬ 
tive  subsistent,  problemes  dont  la  resolution 
va  considerablement  augmenter  notre  ca- 
pacitd  k  developper  et  k  utihser  les  protcct- 
eurs  auditifs  mdividuels  (PAI)  pour  !a  preven¬ 
tion  des  pertes  auditives  dues  k  l’exposition  au 
bruit. 

Dans  cet  expose,  on  examiners  neuf  dcs 
questions  les  plus  importantes  qui  interessent 
la  creation,  la  distribution,  {’utilisation  et  les 
performances  des  PAI  et  leur  mise  en  oeuvre 
dans  les  programmes  dc  conservation  de 
I’audition  (PCA)  Ces  sujets  seront  trait6s  en 
tenant  comptc  des  connaissances  actuelles, 
dcs  problemes  qui  subsistent  ct  des  questions 
restant  sans  reponse, 

1 )  Le  devcloppement  de  PAI  de  meilleurc 
qualite  acoustiquc,  con^us  pour  procurer  une 
attenuation  optimale  ct  pas  neccssaircment 
maximale.  Ccci  pourrait  amencr  les  tra- 
vailleurs  it  mieux  accepter  les  protecteurs  au 
ditifs  ct  k  ameiiorcr  leur  capacit6  it  communl- 
quer  ct  k  detectcr  dcs  signaux  critiques  dans 
certaincs  conditions  de  bruit,  plus  spiciale- 
ment  chez  ceux  qui  sont  atteints  de  troubles 
auditifs  preexistants. 

2)  Lc  d6veloppemcnt  de  methodcs 
d’entraincment  et  dc  motivation,  et  la  docu¬ 
mentation  concemant  leur  efficacite  k  long 
terme.  Ces  methodcs  sont  necessaircs  non 
sculcment  pour  i’entrainement  des  utilisatcurs 
proprement  dit,  mais  cgalcment  pour  en- 
trainer  les  instructcurs  eux-m£me$. 

3)  Des  mesurcs  additionnellcs  de 
{’attenuation  procuree  par  les  PA!  k  des  tra¬ 
vailleurs  effectivement  exposes  au  bruit,  dc 
manure  k  ce  que  davantage  d’informations 
deyiennent  disponibles  pour  revaluation  des 
resultats  obtenus  grace  k  {’utilisation  des  pro¬ 
cedures  definies  au  paragraphe  4  ci  dessous 

4)  Des  methodes  de  mesure  en  labora- 
toire  de  l’attenuation  dcs  PAI,  methodes  pou- 
vant  fournlr  des  resultats  qui  permettront  de 
predire  avec  une  meilleurc  precision  la  valeur 
des  performances  sur  le  terrain. 

5)  Le  devcloppement  de  tests  objectifs  de 
la  mise  en  place  des  protecteurs,  par  cxemple 
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dc  mcthodcs  dc  mcstirc  dc  Tzacaaiioa 
obicnuc  cbcz  dcs  utilise  curs  icdhidods.  dc 
raanicrc  a  cc  quc  les  techniques  dc  distrac¬ 
tion ,  dc  pose  ct  cTcnliaiocnjcnt  dericnocct 
plus  prcdscs  ct  plus  effaces. 

6)  Dcs  mcthodcs  oLjrctivcs  dcvzlunioa 
dc  I'cflkadtc  dcs  PAI  pendinr  I c  tiroD. 
basccs  sur  1‘cxamcn  dcs  sudiopvnmes  aa- 
nuels  dune  population  csposce au  bruit. 

7)  L’acquisition  dc  donnees  conrolcmco- 
talrcs  conccnunt  les  nembreux  paxametres 
qui  mfluenccnt  la  capacite  d'unc  personae 
portant  tin  PAI  a  commmitqucr  ct  a  ccoutcr 
dans  1c  bruit,  cn  mcmc  temps  quc  Ic  devdop- 
pement  dc  procedures  permettant  dc  predire 
I'intclligibilitc  dc  la  parole  dans  dcs  conditions 
specifiers. 

8)  Dcs  etudes  conccnunt  lutilisation 
d’ccoutcurs  rccrcatife  (par  cxcmplc  du  type 
baladcur),  ct  dc  scrrc-tetc  renfernunt  un  dis- 
positif  musical,  chcz  dcs  travaiUeurs  cn  cmi- 
ronnement  bruyanL  Jusqu'a  quel  niveau  so- 
norc  ccs  dispositifc  pcuvcm-ils  ctrc  utilises 
sans  augmentation  du  risque  dc  pates  audi- 
tives  induitcs  par  Ic  bruit?  A  quel  point  les 
sons  ambiants  sonl-ils  masques  ct  quelle  cst 
raugmentation  du  risque  crccc  par  chaquc 
type  dc  dispositif?  Sont-ils  utilisables  cn  tant 
qu’outils  motivants? 

9)  Tendances  rcssortant  dc  normes  Inter¬ 
nationales  hces  au  dcieloppcment  ct  a 
1’utihsation  des  PAI. 
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CHAPTER  34 


Performance  of  Active  Noise 
Reduction  Headsets 

CHARLES  W.  XKOX 
RICHARD  L.  McKLVLEY 
JOSEPH  \T.  SIELYER 


Personal  boxing  protection  devices  have 
been  in  widespread  use  for  orer  five  decades. 
Tbc  vast  majority  of  these  devices  are  passive 
units  or  assemblies  that  reduce  noise  by  the 
application  of  attenuating  and  absorptive  ma¬ 
terials  Traditional  tarmufls  that  perform  well 
provide  about  20  to  40  dB  of  sound  attenua¬ 
tion  at  frequencies  above  about  1,000  Hz. 
which  is  adequate  high-freqjcncy  protection 
for  the  majority  of  acoustic  exposures.  How¬ 
ever,  thet  *  same  carmufls  provide  little  or  no 
attenuation.  0  dB  to  about  20  dB.  at  frequen¬ 
cies  from  125  Hz  to  1,000  Hz. 

Often,  the  overall  A -weighted  sound  pres¬ 
sure  level  of  a  noise  at  the  ear  under  an  ear- 
muff  is  determined  by  the  amount  of  acoustic 
energy'  in  the  125-Hz  to  250-Hz  frequency  re¬ 
gion.  Hearing  damage  risk  is  defined  in  terms 
of  A-w  righted  sound  level  in  several  noise  ex¬ 
posure  criteria  for  hearing.  Increasing  the 
sound  attenuation  in  this  low-frequency  re¬ 
gion  beyond  that  which  is  available  with  cur¬ 
rent  passive  devices  would  reduce  the 
A-w  righted  sound  levels  under  the  devices  as 
well  as  the  associated  risk  of  noise-induced 
hearing  loss. 

The  state  of  the  art  of  passive  circumaural 
hearing  protection  devices  has  remained  es¬ 
sentially  unchanged  over  the  past  two  dec¬ 
ades.  Some  special  devices  have  been  devel¬ 
oped  that  provide  nonlinear  and  “flat*  attenua¬ 
tion  performance,  but  the  maximum  amount 
of  attenuation  has  not  been  increased  in  any 
frequency  region.  Additional  performance  gain 
in  the  passive  earmuff  device  b  possible,  but 
the  increased  mass,  volume,  headband  tension, 
or  combinations  thereof  have  rendered  such 
devices  impractical  Past  efforts  to  increase  at¬ 
tenuation  by  incorporating  tnese  features  have 


resulted  in  devices  that  were  judged  to  be  un¬ 
comfortable  and  unacceptable  to  users. 

Significant  improvements  in  the  attenua¬ 
tion  and  comfort  provided  by  insert  hearing 
protection  devices  have  been  realized  with 
tbc  dev  elopment  of  sJow  rccovcry  foam  mate¬ 
rials.  These  improvements  are  most  evident  in 
the  frequency  region  below*  1,000  Hz,  where 
the  amount  of  attenuation  is  highly  associated 
with  the  depth  of  insertion  of  the  device; 
However,  insert  devices  arc  not  suitable  or  arc 
not  the  items  of  choice  for  many  applications 
involving  voice  communications  in  noise  with 
conventional  headset  units. 

Active  noise  reduction  (ANR)  technology 
(also  called  active  noise  cancellation  or  active 
attenuation)  attempts  to  reduce  the  overall 
level  of  noises  by  wave  addition  or  cancella¬ 
tion  techniques^  The  feasibility’  of  this  ap¬ 
proach  has  been  demonstrated  in  earmuff  and 
headset  devices  with  good  active  attenuation 
of  the  low-frequency  sounds.  Integration  of  ac¬ 
tive  noise  reduction  with  the  traditional  pas¬ 
sive  earmuff  provides  additional  attenuation  at 
the  low  frequences.  Thb  combination  pas- 
sivc/activc  attenuation  could  have  additional 
benefits  of  reduced  Size,  reduced  headband 
tension,  and  increased  comfort,  particularly 
for  advanced  ANR  systems. 

Background 

The  original  patent  on  active  noise  can¬ 
cellation  was  awarded  to  Paul  Lcug  in  1936. 
The  basic  technique  of  reducing  noise  by  the 
addition  of  an  inverted  copy  of  the  noise  was 
described  in  that  patent  The  addition  of  out- 
of  phase  signals  resulted  in  wave  cancellation 
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dm  rrdoccd  the  ampfimri c  c£  the  resulting 
arise.  Under  kSed  conditions.  this  technique 
u-ocJd  be  expert  cd  to  zlkrw  2li  arise  to  be 
coespiadr  canceled  to  produce  quiet.  How- 
crer,  the  reality  of  physics  etffTcnilr  under¬ 
stood  does  not  2! low  the  eapbooe.  the  system 
microphcoe.  2nd  the  e2fdnsn  of  the  listener 
to  be  in  the  sene  point  in  space  21  the  srac 
time  (propagation  with  zero  time  ddw).  The 
physical  separation  of  these  components  in 
current  systems  requires  a  delay  for  the  can¬ 
celing  signal  to  trod  from  thr  earphone  to 
the  system  microphone  to  the  eardrum  of  the 
listener.  This  delay,  wfckh  also  can  be  consid¬ 
ered  a  ptese  ddav,  limits  the  maximum  fre¬ 
quency  at  which  active  attenuation  can  occur 
with  a  given  transducer  geometry'. 

The  bandwidth  of  the  electronic  circuitry 
in  an  active  attenuation  system  also  limits  per¬ 
formance.  as  reported  in  1958  and  1959  by 
Willard  Meeker,  who  was  working  under  con 
tract  to  the  VS.  Air  Force  (Meeker,  1958. 
1959).  Meeker’s  effort  involved  a  paper  design 
and  a  working  model  of  active  attenuation 
technology  applied  to  a  cucumaural  carmuff. 
The  active  attenuation  had  a  bandwidth  of  ap¬ 
proximately  500  Hz  and  a  maximum  attenua¬ 
tion  of  about  15  dB.  The  electronics  package 
was  “a  little  larger  than  a  breadbox,"  required 
AC  voltage  for  operation,  and  was  nonport¬ 
able.  This  hardware  was  not  practical  for  field 
use;  however,  the  act  he  cancellation  of  noise 
was  impressive  and  it  demonstrated  the  feasi¬ 
bility  of  the  ANR  headset  concept 

The  first  practical  system  used  outside  the 
laboratory  was  developed  by  P.D.  Wheeler 
(Wheeler  and  Halliday,  1981)  at  the  Univer¬ 
sity'  of  Southampton,  under  contract  to  Gra¬ 
ham  Rood,  Royal  Aircraft  Establishment, 
United  Kingdom.  Numerous  flight  tests  with 
the  helmet  were  accomplished  during  this  de¬ 
velopment  effort  The  ANR  system  had  a  can¬ 
cellation  bandwidth  of  about  800  to  1,000  Hz 
and  a  maximum  attenuation  of  approximately 
18  dB.  This  system  was  the  forerunner  of  the 
active  cancellation  systems  being  produced 
today  in  the  United  Kingdom. 

In  the  early  1980s.  the  U5.  Air  Force,  un¬ 
der  contract  with  the  Bose  Corporation,  initi¬ 
ated  development  of  an  ANR  system  for  use  in 
headsets  and  helmets  (Carter,  1982).  This  pro¬ 
gram  produced  helmet  and  headset  models 
that  were  extensively  evaluated  in  the  labora¬ 
tory  and  during  flight  tests  in  various  aircraft. 
These  evaluations  demonstrated  the  effective¬ 
ness  of  the  ANR  systems  in  decreasing  crew 
member  noise  exposur:  at  the  ear,  in  improv¬ 
ing  speech  intelligibility,  and  in  increasing 
comfort. 


This  improved  sound  attentat  too  2nd 
speech  inxdhg2xEty  pcrfot  nance  as  demon¬ 
strated  by  active  attenuation  systems  oycr  pas¬ 
sive:  systems  has  resulted  in  increased  interest 
in,  inquiries  abort,  and  appliptioos  of  AXR 
headset  technology.  In  1989.  ai  least  seven  dif¬ 
ferent  firms  had  one  or  mere  nwfcing  models 
of  an  AXR  headset.  Most  of  these  firms  pro¬ 
vided  samples  of  their  devices  for  evaluation 
in  the  effort  described  in  this  report. 

Objective 

The  objective  of  this  effort  was  to  exam¬ 
ine  the  state  of  AXR  headset  technology  in 
1989  by  acquiring  available  AXR  systems  and 
measuring  under  laboratory  conditions  thezr 
sound  attenuation,  speech  communications  ef¬ 
fectiveness.  bandwidth,  and  dynamic  range. 
Attention  was  directed  to  attenuation  perfor¬ 
mance.  constraints  on  performance,  areas  of 
potential  improvement  through  additional  ic- 
scarch  and  development,  and  the  requirement 
for  standard  methods  and  procedures  appro 
priaic  for  evaluating  active  attenuation  head 
set  system  technology  performance. 

Approach 

The  majority'  of  AXR  headset  units  known 
to  be  operational  were  acquired  for  use  in  this 
study.  Almost  all  were  developmental  items. 
Some  did  not  remain  functional  throughout  all 
the  measurements,  and  these  arc  not  included 
in  this  report  because  of  incomplete  data  on 
their  performance. 

The  total  and  the  passive  sound  attenua¬ 
tion  was  measured  for  each  of  the  headset 
units.  The  active  attenuation  was  calculated  as 
the  difference  between  the  total  and  passive 
attenuation  at  each  of  the  test  signals.  The 
sound  attenuation  was  measured  using  an 
acoustic  manikin  by  Knowles  Electronics  Inc, 
an  artificial  ear  with  a  laboratory  flat-plate  cou 
pier,  and  a  miniature  microphone  placed  un¬ 
der  the  earcup  of  the  ANR  headset  while  it 
was  worn  by  a  human  subject  The  subject 
acted  as  a  test  fixture  and  did  not  respond  dur 
ing  the  measurements. 

The  overall  active  attenuation  was  mea¬ 
sured  for  three  of  the  headsets  at  selected 
sound  pressure  levels  ranging  from  120  to  155 
dB.  Overall  active  attenuation  is  the  single- 
number  difference  between  the  overall  sound 
pressure  levels  under  the  earcup  for  the  active 
(total)  and  the  passive  modes  of  operation. 

Speech  intelligibility  was  measured  on 
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Figure  J(-l  Acme  nobc  reduction  instrumentation  arrangement  for  aruSdal  cartb t-pbte  niessu  remenus. 


three  of  the  active  attenuation  headset  units  in 
four  different  levels  of  a  broad  band  noise  in¬ 
side  a  reverberation  chamber.  Intelligibility 
was  measured  with  the  units  in  the  passive 
mode  and  again  in  the  active  mode. 

Method 

Sound  Attenuation 

Acoustic  Measurement  Systems 

The  attenuation  provided  by  the  ANR 
headsets  was  determined  from  measurements 
made  in  a  large  8.000  ft3  acoustic  reverbera¬ 
tion  chamber  equipped  with  a  programmable 
sound  system  capable  of  generating  levels  as 
high  as  135  dB  SPL  A  pink  noise  spectrum 
was  generated  at  the  appropriate  sound  pres¬ 
sure  levels  for  all  attenuation  measurements. 
Ihc  noise  spectra  and  levels  at  the  locations  of 
the  subjects  or  test  fixtures  in  the  chamber 
were  monitored  at  all  limes  by  a  B&K  4 144 
1-inch  pressure  microphone  and  a  B&K  2131 
spectrum  analyzer. 

Three  different  measurement  procedures 
and  systems  were  used  to  obtain  the  attenua¬ 
tion  performance  data  (1)  A  B&K  4152  artifi¬ 
cial  ear  and  a  flat  plate  coupler  with  a  B&K 
4 144  I-inch  pressure  microphone  made  up 
one  measurement  s>vcm.  The  configuration 
of  instrumentation  as  arranged  for  the  artificial 
ear/flat  platc  measurements  Is  displayed  in  Fig¬ 


ure  34-1.  (2)  The  KEMAR  acoustic  manikin 
was  equipped  with  a  B&K  4134  Vz- inch  pres¬ 
sure  microphone  in  a  Zwislocki  coupler.  The 
coupler  unit  was  imbedded  in  the  manikin  so 
that  the  microphone  was  positioned  at  the  ap¬ 
proximate  location  of  the  eardrum.  (3)  Hu¬ 
man  subjects  w  ere  used  as  test  fixtures  in  that 
the  headset  devices  were  wom  by  them  but 
only  physical  measurements  were  taken  with  a 
miniature  microphone  under  the  headset;  the 
subjects  made  no  responses  at  any  time.  A 
Knowles  1834  miniature  microphone  and 
preamplifier  provided  signal  input  to  the  spec¬ 
trum  analyzer.  The  measurement  systems  for 
all  procedures  were  controlled  by  a  Hewlett- 
Packard  9845  computer.  All  measured  data 
were  analyzed  with  a  B&K  2131  Vy 
octave  band  spectrum  analyzer. 

Procedures 

A  set  of  three  noise-level  measurements 
was  taken  with  each  of  the  systems  described 
above  for  each  ANR  headset  device.  These 
measurements  were  made  in  a  pink  noise  field 
of  the  test  fixture  system  without  a  headset  in 
place,  of  the  system  with  the  headset  in  place 
and  in  the  passive  mode,  and  of  the  system 
with  the  headset  in  place  and  in  the  active, 
noisc-canccling  mode.  The  same  test-room 
noise  spectrum  and  level  were  maintained  for 
each  set  of  these  three  measurements  for  an 
individual  device.  The  sound  pressure  level  of 
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each  55-octave  bond  from  100  to  10,000  Hz 
W2S  recorded,  sored,  and  plotted  by  the  com* 
poter  lor  each  measurement  condition. 

The  artificial  ear/Thtpiatc  co«.*picr  mea¬ 
surements  were  made  with  a  1-Jb  weight  on 
the  earcup  to  provide  a  constant  pressure  and 
"good-  acoustic  seal.  The  KEMAR  2nd  real- 
head  (human)  measurements  were  made  \rith 
the  headbands  of  the  various  headsets  at  nor¬ 
mal  tension.  The  real-head  measurements 
were  taken  with  the  miniature  microphone 
positioned  at  the  entrance  to  the  ear  canal 
with  the  canal  occluded.  Ac  EAR  foam  earplug 
serv  ed  as  the  microphone  mounting  platform. 
After  insertion  of  the  EAR  earplug,  a  smail 
plastic  rod  attached  to  the  back  or  the  micro¬ 
phone  was  inserted  into  a  tube  imbedded  in 
the  foam  earplug.  The  microphone  was  then 
oriented  to  be  on  the  axis  with  the  ear  canal. 
The  three  noise  measurements  with  an  indi¬ 
vidual  headset  device  were  made  with  the  mi¬ 
crophone  in  this  same  position. 

The  various  attenuation  values  were  then 
calculated  from  each  set  of  measurements. 
The  passive  attenuation  was  calculated  by 
spectrally  subtracting  the  measured  passive 
headset  noise  levels  from  the  open  test-fixture 
noise  lock.  The  total, attenuation  was  calcu¬ 
lated  by  spectrally  subtracting  the  measured 
active  headset  noise  levels  from  the  open  test- 
fixture  noise  levels.  The  active  attenuation  was 
calculated  by  spectrally  subtracting  the  pas¬ 
sive  attenuation  from  the  total  attenuation. 

The  artificial  carAiat-platc  system  was  also 
used  to  measure  the  overall  active  attenuation 
of  headset  devices  at  selected  sound  pressure 
levels  ranging  ftom  120  to  135  dB.  The  overall 
active  attenuation  was  calculated  by  subtract¬ 
ing  the  overall  sound  pressure  level  of  the  pas¬ 
sive  condition  from  the  overall  sound  pressure 
level  of  the  total  condition. 

Speech  Intelligibility 

Measurement  System 

A  computer-controlled  voice  community- 
lions  research  facility  housed  in  a  reverbera¬ 
tion  chamber  was  used  for  these  measure¬ 
ments.  The  facility' contained  all  of  the  opera¬ 
tor,  system,  and  environmental  variables  im¬ 
portant  for  voice  communications  except 
whole-body  motion,  as  might  be  experienced 
in  a  nok>  aircraft  or  in  a  highway  vehicle  Ten 
individual  listening  stations  housed  trained 
communicators  who  responded  to  the  Modi¬ 
fied  Rhyme  Test  instrument  In  four  different 
levels  of  a  pink  noise  spectrum  (about  75  dB, 
95  dB,  105  dB;  and  115  dB)  (House  ct  al. 


i  /.  These  measurements  were  taken  in 
comp? once  with  American  National  Sundards 
Instiaite  (ANSI),  S3-2-1989.  Method  hr  Mea¬ 
suring  the  Imeiligjiwlity  Over  Communication 
Systems  (American  National  Standards  Insti¬ 
tute.  1989). 

Procedure 

The  subjects  were  fitted  with  the  AXR 
headsets.  A  round-robin  procedure  was  used 
in  which  the  role  of  talker  was  passed  to  the 
next  subject  for  each  50-word  Modified 
Rhyme  list  so  that  all  subjects  performed  as 
both  talker  and  listener.  This  procedure  wias 
repeated  until  each  of  the  three  headsets  was 
measured  with  the  active  electronics  in  the 
“off*'  (passive)  mode  and  in  the  “on*  (active) 
mode  in  the  presence  of  each  of  the  four  lev¬ 
els  of  the  noise. 

Results 

Attenuation 

The  active  noise  reduction  of  the  headset 
devices  is  summarized  for  each  of  the  three 
measurement  systems  and  procedures  in  Fig¬ 
ure  34-2.  All  were  circumaural  headsets  ex¬ 
cept  for  one  supra-aural  device.  In  general,  the 
circumaural  device  response  patterns  exhib¬ 
ited  various  amounts  of  active  attenuation  at 
frequencies  below  about  900  Hz  with  essen¬ 
tially  no  alternation  at  1,000  Hz  and  above. 
Almost  all  of  Jic  active  circumaural  devices 
displayed  some  negative  attenuation  of  the 
noise  under  the  headset  in  the  frequency'  re¬ 
gion  between  500  to  600  Hz  and  about  1,500 
Hz.  The  exception  to  these  patterns  is  the  su- 
pra-aural  device,  which  shows  no  attenuation 
around  100  Hz,  about  5  dB  attenuation  at 
1.000  Hz,  zero  attenuation  at  about  2,000  Hz, 
and  no  amplification  of  the  signal  at  the  ear. 

Although  performance  of  the  devices  var¬ 
ies  among  the  three  measurement  systems, 
similarities  can  be  observed  in  the  response 
patterns.  The  real  ca&'mimaturc  microphone 
and  artificial-car/flat-plzte  data  show  this  simi¬ 
larity  among  the  devices  as  a  group.  AH  of  the 
real  ear  data  below  1,000  Hz  fall  within  a 
range  of  only  about  5  to  10  dB  with  one  or 
two  exceptions.  The  flat-plate  data  show  the 
same  genet  al  profile,  but  the  range  of  the  data 
almost  doubles  to  10  to  20  dB. 

The  KEMAR  data  arc  variable  and  range 
from  about  20  dB  attenuation  to  amplification 
of  the  sound  under  the  earcup.  TTie  effects  of 
poor  acoustic  seal<  and  corresponding  losses 
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Figure  3-f*2  ACthe  attenuation  of  the  headsets  determined  by  three  different  instrumentation  procedures 
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Figure  54-4  Active  attcmtilioa 
In  oicraJl  sound  pressure  lotb 

(SPLs)  ranging  from  1 20  to  135 
dB. 


Overall  Activo 'Attenuation  (dB) 


of  attenuation  with  these  current-technology 
ANR  system*  arc  evident  in  these  data.  An 
acoustic  seal  could  not  be  obtained  onrxthe 
manikin  with  some  of  the  headset  devices. 
The  fitting  problem  was  attributed  to  both  the 
manikin  and  the  headset  devices.  Some  of  the 
headset  devices  were  properly  fit  on  the  man¬ 
ikin  without  acoustic  leaks,  whereas  those  that 
did  not  fit  the  manikin  were  satisfactorily  fit  to 
the  flat-plate  system  and  the  human  subjects. 

Tlie  relative  performances  of  the  flat-plate 
and  real-car  methods  for  each' headset  are 
summarized  in  Figure  34-3  and  show  differ¬ 
ences  in  attenuation  of  only  about  5  dB  or 
less,  with  Few  exceptions.  Information  derived 
from  these  measurements  shows  that  the  max¬ 
imum  attenuation  across  devices  occurs  at 
250  Hz  and  below,  with  the  maximum  at  100 
Hz  for  two  of  them,  The  maximum  amount  of 
attenuation  is  about  17  to  22  dB  and  differs 
among  devices.  The  flat-plate  system  showed 
less  attenuation  than  the  real-car  system  for 
most  of  the  devices.  Zero  crossover  occurs  be¬ 
tween  500  and  1,000  Hz,  with  no  useful  atten¬ 
uation  above  1,000  Hz,  with  the  exception  of 
the  supra  aural  device.  The  total  bandwidth 
cannot  be  determined  for  the  circumaural  de¬ 
vices  because  of  the  100-Hz  cutoff  of  the  mea¬ 
surement  system,  although  minimum  band- 
widths  of  500  to  1,000  Hz  arc  evident.  The 
bandwidth  of  the  supraaural  device  is  esti¬ 
mated  to  be  about  1,800  to  1,900  Hz, 

Performance  of  the  supra  aural  headset 
was  essentially  independent  of  the  measure¬ 
ment  method.  The  response  curves  are  similar 
except  that  the  maximum  attenuation  at  about 
250  Hz  is  a  couple  of  decibels  less  with  the 
fbt-plate  system,  These  data  clearly  demon¬ 
strate  that  supra  aural  configurations  of  ANR 
do  not  require  an  acoustic  seal  or  a  circum- 
aural  carcup. 


The  performance  of  three  of  the  ANR 
headsets  was.  examined  in  very  high  sound 
pressure  levels.  Measurements  were  taken  us¬ 
ing  the  artificial-ear/flat-plate  coupler  system 
in  a  pink  noise  at  overall  sound  pressure  levels 
of  120  dB,  125  dB,  130  dB,  and  135  dB  (Fig. 
34*4).  Two  of  the  three  headsets  continued  to 
operate  at  the  135  dB  level,  however,  the 
amount  of  noise  reduction  was  zero  to  5  dB. 
The  third  headset  provided  larger  amounts  of 
noise  reduction  at  the  lower  sound  pressure 
levels  but, ceased  to  function  above  130  dB. 

Speech  Intelligibility 

The  percentages  of  correct  speech  intelli¬ 
gibility  of  three  of  the  circumauraj  headsets 
arc  summarized  in  Figure  34-5.  Intelligibility 
was  measured  in  the  voice  communications 
research  facility  with  trained  subjects  in  the 
presence  of  pink  noise  at  sound  pressure  lev¬ 
els  of  about  75  dB  (ambient),  95  dB,  105  dB, 
and  115  dB.  Although  all  three  headsets  in  the 
active  mode  showed  improvements  in  intelli¬ 
gibility  at  the  higher  noise  levels,  considerable 
variation  is  apparent  from  the  data.  One  of  the 
systems  showed  Improvements  of  about  5  to  9 
percent  in  the  three  high  level  noises.  Another 
showed  only  a  negligible  amount  of  change  at 
two  frequencies,  and  the  third  showed  a  10 
percent  increase  but  only  in  the  highest-level 
noise.  AH  three  devices  showed  an  increase  or 
a  trend  toward  an  increase  in  intelligibility  in 
the  115-dB  noise.  AH  three  systems  should 
provide  satisfactory  voice  communications  in 
broad  band  noises  at  the  levels  examined. 

The  articulation  index  (Al)  is  a  computa¬ 
tional  procedure  based  on  physical  measures 
for  estimating  speech  intelligibility  and  is 
highly  correlated  with  group  intelligibility  of 
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Figure  54*6  Calculations  of  the 
articulation  index  for  two  active 
noise  reduction  systems;  Bose 
Commercial  and  Electrovoice. 
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speech  as  evaluated  by  standardized  speech 
tests.  Tlic  AI  procedure  as  described  in  ANSI 
S3.5-1969  (R  1986)  returns  a  value  between  0 
and  1,  which  is  a  weighted  sum  of  the  signal* 
to  noisc  ratios  in  individual  bands  of  speech 
that  correlate  highly  with  measured  intelligi¬ 
bility  scores  in  linear  systems  (American  Na¬ 
tional  Standards  Institute,  1986).  The  Vi- oc¬ 
tave  band  method  of  calculating  AI  was  used 
to  evaluate  two  of  the  active  attenuation  head¬ 
sets.  The  products  of  the  AI  Vj-octave  band 
weighting  values  and  the  signal-to-noisc  ratio 
increases  (or  decreases,  represented  by  the 
negative  numbers)  due  to  the  active  cancella¬ 
tion  are  shown  in  Figure  34-6,  These  products 
are  labeled  MAI  *  fp”  (fp  =  flat  plate)  The  cu¬ 


mulative  sum  of  the  products  is  shown  as 
-sum  AI  *  fp." 

The  negative  portion  of  the  active  cancel¬ 
lation  significantly  impacts  the  predicted  over¬ 
all  intelligibility  gain  around  1,000  Hz,  If  the 
zero  crossover  point  in  these  active  headset 
system®  could  be  moved  one  or  two  octaves 
higher  in  frequency,  or  if  the  negative  cancel¬ 
lation  could  be  substantially  reduced,  out¬ 
standing  gains  in  intelligibility  could  be  real¬ 
ized.  The  AI  calculation  for  one  of  the  head¬ 
sets  in  Figure  34*6  displays  an  increase  of 
0  049,  whereas  the  other  displays  an  increase 
of  0  009,  both  of  which  correspond  within  ex¬ 
perimental  error  to  the  intelligibility  gains 
seen  in  Figure  34  5. 
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Discussion 

Active  Attenuation 

The  ANR  performance  data  varied  widely 
with  the  different  test  fixtures  and  measure¬ 
ment  methods  The  KEMAR  data  were  con¬ 
taminated  by  the  inability  to  obtain  an  ade¬ 
quate  acoustic  seal  of  some  of  the  headsets 
with  the  manikin  head.  The  effects  of  the 
acoustic  leaks  range  ftom  very  small  reduc¬ 
tions  in  active  attenuation  for  some  devices  to 
zero  attenuation;  some  amplification  even  oc¬ 
curred  with  other  devices.  Although  the 
KEMAR  head  has  limited  flexibility  and  plastic¬ 
ity,  some  of  the  devices  were  properly  fit  and 
provided  good  attenuation.  Other  items  could 
not  be  fit  even  though  special  effort  was  put 
forth  to  obtain  an  acoustic  seal  This  fitting  dif¬ 
ficulty  is  related  to  both  the  manikin  and  the 
affected  headsets,  because  not  all  of  the  head¬ 
sets  were  difficult  to  fit  on  the  manikin.  In  ad¬ 
dition,  the  headsets  with  fitting  problems  on 
the  manikin  were  properly  fit  to  the  human 
head  in  the  rcal-head/miniature-microphone 
procedure.  This  experience  also  points  out 
the  attention  that  must  be  given  to  perfor¬ 
mance  evaluation  procedures  to  ensure  that 
identified  performance  characteristics,  good 
or  bad,  are  attributed  to  the  actual  cause  of 
the  measured  response.  In  view  of  the  highly 
variable  data  obtained  with  this  method,  the 
KEMAR  data  will  not  be  Included  in  further 
considerations  of  measurement  procedures. 

Conventional  acoustic  measurement  pro¬ 
cedures  were  used  in  this  assessment  of  ANR 
headset  technology.  However,  it  is  not  known 
which  of  the  methods  is  the  best  representa¬ 
tion  of  the  real  performance  of  the  devices. 
The  objective  of  a  measurement  system/ 
method  of  this  type  is  to  obtain  a  •‘true”  reprc« 
sentation  of  the  performance  that  allows  valid 
extrapolations  of  the  performance  to  nonlabo- 
ratory  situations.  The  ranges  of  responses  ob¬ 
tained  In  this  study  show  large  differences  in 
data  obtained  on  the  same  devices  by  different 
but  widely  accepted  and  commonly  used 
acoustic  measurement  schemes  It  is  obvious 
that  the  potential  for  inaccuracies  is  increased 
when  it  is  necessary  to  draw  conclusions  and 
make  decisions  based  on  such  data.  This  is 
particularly  true  when  it  is  obtained  with  only 
one  of  these  measurement  schemes  known  to 
provide  data  that  differ  from  that  of  other 
schemes.  At  this  time,  we  prefer  the  real-ear/ 
miniature-microphone  method  of  those  used 
m  this  study. 

The  scientific  community  is  similarly  con¬ 


cerned  with  the  question  of  a  predictive  mea¬ 
surement  scheme  that  will  allow  accurate  and 
“true"  extrapolations  of  passive  hearing  pro¬ 
tection  performance  to  real-world  situations 
The  current  national  and  international  stan¬ 
dard  schemes  for  measuring  personal  hearing 
protection  device  performance  arc  appropri¬ 
ate  only  for  linear,  passive  devices;  ANR  sys¬ 
tems  do  not  fall  within  the  scopes  of  the  stan¬ 
dards.  The  ANSI  Real  Ear  Attenuation  at 
Threshold  Method,  S126,  was  considered  for 
inclusion  as  a  method  in  this  study,  but  will  in¬ 
stead  be  included  in  a  future  study  that  will 
examine  procedures  for  assessing  the  effec¬ 
tiveness  of  personal  ANR  (American  National 
Standards  Institute,  1984). 

The  data  collected  and  reported  in  this 
study  leaves  many  questions  unanswered.  One 
of  the  questions  concerns  the  accurate  and 
valid  measurement  of  the  attenuation  pro¬ 
vided  by  these  devices.  The  interest  of  both 
developers  and  potential  users  of  this  technol- 
ogy  appears  to  continue  to  grow,  indicating 
that  even  more  studies  of  attenuation  perfor¬ 
mance  arc  being  and  will  be  accomplished.  It 
is  important  that  a  standard  procedure  or  pro¬ 
cedures  be  established  to  ensure  uniform  de¬ 
scriptions  of  performance,  to  minimize  oppor¬ 
tunities  for  confusion,  and  to  determine  the 
“true"  representation  of  performance.  These 
may  involve  conventional  physical  methods, 
psychoacoustic  methods,  or  both,  or  require 
the  development  of  new  measurement 
schemes.  It  is  expected  that  work  should  soon 
begin  on  an  investigation  of  methods  of  mea¬ 
suring  the  sound  attenuation  characteristics  of 
ANR  systems. 

Speech  Intelligibility 

Early  evaluations  with  a  military  ANR 
headset  were  accomplished  under  various  lab¬ 
oratory  conditions  and  during  inflight  use 
(headset  was  mounted  in  a  military  flight  hel¬ 
met)  in  a  variety  of  different  aircraft.  Labora¬ 
tory  measurements  demonstrated  consistent 
10%  increases  in  active  mode  speech  intelligi¬ 
bility  over  that  measured  in  the  passive  mode. 
Subjective  reports  from  the  numerous  air 
crews  who  flew  with  the  device  were  surpris¬ 
ing  in  their  experiences  of  dramatic  improve¬ 
ments  in  voice  communications  effectiveness 
over  that  obtained  with  the  standard  flight  hel¬ 
met.  In  some  situations  the  speech  communi¬ 
cations  were  changed  from  unintelligible  to 
intelligible.  Although  some  improvement  in 
voice  communications  in  the  active  mode  was 
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suggested  by  the  early  measurements,  the 
magnitude  of  the  reported  red-world  im¬ 
provements  was  not  expected. 

The  speech  intelligibility  data  collected 
on  the  three  ANR  headsets  in  both  the  passive 
and  active  modes  m  this  study  were  not  gen¬ 
erally  impressive.  Some  gam  in  speech  intelli¬ 
gibility  was  measured  for  each  of  the  headsets 
m  the  active  over  the  passive  mode.  The  type 
of  headset  used  in  the  in-flight  assessments 
provided  the  most  improvement  (about  5  to  9 
percent)  and  best  communications.  Although 
some  intelligibility  gains  attributed  to  ANR 
were  observed,  the  amount  of  the  intelligibil¬ 
ity  gains  was  less  than  we  w’ere  led  to  believe 
they  would  be  from  the  earlier  laboratory'  and 
flight  test  experiences  However,  the  intelligi¬ 
bility  of  all  three  of  the  active  attenuation 
headsets  would  be  expected  to  provide  satis¬ 
factory  voice  communications  in  operational 
noise  environments. 

An  evaluation  of  the  comfort  or  wearabil¬ 
ity  of  the  active  attenuation  headsets  was  not 
within  the  scope  of  this  study.  However,  some 
wearers  voluntarily  reported  that  most  of  the 
ANR  headsets,  with  some  exceptions,  worn  in 
high  levels  of  noise  in  both  laboratory'  and 
flight  situations  provided  increased  comfort  in 
the  active  over  the  inactive  mode.  This  aspect 
of  comfort  is  attributed  primarily  to  the  atten¬ 
uation  of  low-frequency  noise  under  the 
earcup  and  the  perception  of  a  dramatic  re¬ 
duction  of  the  noise  at  the  ear,  and  is  not  due 
to  the  wearability  or  mechanical  properties  of 
the  headset  or  car  cushion.  It  is  estimated  that 
this  lowered  acoustic  energy  at  the  car  will  re¬ 
duce  noise-induced  fatigue  over  long  expo¬ 
sures.  The  magnitude  of  this  low-frequency  at¬ 
tenuation  is  also  expected,  over  time,  to  re¬ 
duce  noise-induced  hearing  loss. 

Some  attention  has  been  given  to  the 
comfort  of  the  headset  systems  In  terms  of 
specific  mechanical  properties.  Efforts  arc  on¬ 
going  to  minimize  factors  such  as  weight  and 
headband  pressure  on  both  passive  and  active 
systems.  One  of  the  active  attenuation  systems 
evaluated  in  the  study  was  equipped  with  a 
new  earcup  cushion  that  was  judged  to  be 
more  comfortable  than  those  on  existing 
headset  systems.  These  cushions  are  fabricated 
with  ‘new*  materials  that  provide  a  good 
acoustic  seal  in  addition  to  comfort.  The  head¬ 
set  fitted  with  these  cushions  obtained  the 
best  fit  among  all  the  headsets  on  the  KEMAR 
manikin,  whereas  poor  acoustic  seals  caused 
measurement  problems  with  some  other  head¬ 
set  systems 


Conclusion 

Numerous  personal  ANR  systems  are  and 
will  be  under  development  for  several  years 
The  capabilities  and  performance  of  these  sys¬ 
tems  will  continue  to  expand  as  knowledge 
and  experience  with  their  development  and 
operation  arc  gained  The  objectives  of  this 
study  have  been  met  by  assessing  the  state  of 
the  technology'  of  these  ANR  headsets  through 
measures  and  analyses  of  available  systems 
Performance  was  evaluated  in  terms  of  active 
attenuation,  dynamic  range,  and  speech  com¬ 
munications  effectiveness.  Consideration  was 
given  to  constraints  on  performance,  areas  of 
potential  growth,  and  the  requirement  for 
standard  methods  and  procedures  for  evalua¬ 
tion  of  ANR  headset  systems. 

ANR  technology  is  moving  rapidly  to¬ 
wards  production,  with  one  system  in  the 
United  States  and  others  in  the  United  King¬ 
dom  currently  available  to  the  commercial 
market.  ANR  development  and  application 
projects  arc  now  under  way  in  several  nations 
The  potential  applications  of  these  sy  stems  are 
extremely  wide,  covering  the  full  spectrum  of 
activities  from  military  applications  to  enter¬ 
tainment. 

Suggestions  for  Future 
Activities 

The  number  of  different  methods  to  mea¬ 
sure  the  attenuation  of  ANR  headsets  equals  or 
may  exceed  the  number  of  headsets  available 
at  (his  time,  A  standard  method  for  measuring 
and  reporting  the  attenuation  of  these  devices 
would  greatly  benefit  research,  development, 
and  use.  The  method  could  include  botli  a 
physical  measurement  procedure  using  real 
and  dummy  heads  and  a  psychoacoustic  mca 
surement  procedure  for  determining  total  and 
active  attenuation.  This  method  could  become 
the  basis  for  a  national  or  international  stan- 
dard. 

The  utility  of  ANR  headsets  would  be  im¬ 
proved  if  performance  was  increased  in  two 
areas.  First,  the  bandwidth  should  be  extended 
to  include  higher  frequencies,  initially  to 
about  2,500  Hz  and  increasing  later  to  4,000 
Hz,  The  4,000-Hz  bandwidth  would  cover  the 
majority  of  the  speech  band  and  should  signif¬ 
icantly  reduce  the  passive  attenuation  require¬ 
ments  at  1,000  Hz,  making  the  design  of  a 
comfortable,  high  performance  hearing  pro- 
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tector  possible.  Second,  research  should  focus 
on  realizing  more  of  the  intelligibility  that 
should  be  available  from  the  reduced  noise 
levels.  Possible  areas  for  investigation  arc 
speech  spectrum  shaping,  reduction  of  distor¬ 
tion  of  the  speech  signal  by  the  active  cir¬ 
cuitry,  treatment  of  nonlinear  acoustics  in  the 
car  cup,  and  other  presently  unknown  causes. 

Tlic  issue  of  comfort  is  important  because 
users  will  not  wear  uncomfortable  hearing 
protection  devices.  Active  noise  cancellation 
allows  hearing  protectors  to  be  designed  and 
produced  that  have  significantly  increased 
comfort  while  providing  excellent  hearing 
protection.  There  is  no  standard  method  for 
quantifying  the  comfort  feature  of  earmutf 
hearing  protection  devices  and  headsets.  A 
uniform  method  to  quantify  and  compare  the 
absolute  and  relative  comfort  of  devices 
would  be  a  w  elcome  took 

Although  not  a  consideration  of  this 
study,  it  is  noted  that  the  power  consumption 
of  some  of  the  devices  is  an  issue  that  could 
limit  their  applications.  Power  consumption 
requirements  should  enable  battery’  opera¬ 
tions  for  8  to  16  hours  before  recharging  or 
replacement.  This  type  of  battery-powered 
system  provides  applications  for  mobile  users 
who  arc  not  in  a  stationary  location  or  at¬ 
tached  to  a  vehicle. 

Performances  des  Casques 
a  Attenuation  Active 
du  Bruit 

Des  evaluations  portant  sur  6  casques  &  at¬ 
tenuation  active  du  bruit  out  dtc  rcalisdes 
dans  les  laboratoircs  de  Biocommunication  dc 
l'US  Air  Force  1  Dayton,  Ohio.  Quatre  de  ces 
dispositifs  etaient  des  serre-tete  ctanchcs  ct 
les  deux  autres  seml-ouverts.  Certains  etaient 
analogiqucs  d'autres  etaient  des  systdmes  hy- 
brides  analoglquc-digital. 

Dans  lc  mode  actif  ou  dans  1c  mode  passif, 
sur  une  tdte  artificiellc  ou  sur  un  sujet  humain, 
on  prenait  comme  attenuation  du  son,  la  dif¬ 


ference  de  niveau  de  pression,  avee  ou  sans 
casque,  en  un  point  de  reference  de  i’oreille. 
LTntclligibiUtc  dc  la  parole  avec  des  serre-tete 
portes  par  des  auditeurs  experiment^,  ayant 
une  audition  norniale,  a  etc  evaluee  en  util- 
lsant  les  systemes  MRT  (Modified  Rhyme 
Test)  pour  4  niveaux  de  bruits  dc  bande  qui 
simulaient  le  bruit  existant  dans  le  cockpit 
d'un  avion  de  combat. 

L’intclligibilite  du  langage  analogique  et 
de  3  types  diffdrents  dc  language  digital,  en- 
tendus  chacun  avec  des  serre-tete  a  £te 
mesur£e  pour  4  niveaux  de  bruit.  Quoiquc  les 
performances  dans  le  bruit  different  quelquc 
peu  selon  les  materiels,  les  rfeultats  indiquent 
que  ccux-ci  peuvent  procurer  un  meilleur 
confort,  une  meilleure  communication  de  la 
parole  et  une  meilleure  reduction  du  bruit 
(moins  dc  pertes  auditives)  que  ceux  pro- 
curds  par  les  systdmes  les  plus  courammcnt 
utilises  actuellcmcnt. 
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CHAPTER  35 


Objective  Methods  for  Evaluating 
Conventional,  Nonlinear,  and  Active 
Hearing  Protector  Attenuation 

PER-ANDERS  HELLSTROM 


Different  methods  for  measuring  hearing 
protector  (HP)  attenuation  hav  e  been  used  dur¬ 
ing  the  last  decade — foi  example;  the  standard¬ 
ized  “real  car  attenuation  at  threshold*  (REAT) 
method  (JO  4869.  1981,  ANSI  SI2.6.  1984). 
These  methods  use  the  differences  in  subjects* 
hearing  thresholds  with  or  without  the  HP  be¬ 
ing  tested.  The  test  signal  is  white  noise  filtered 
through  ’/voctavc  bands  with  cen’er  frequen¬ 
cies  in  accordance  with  International  Electro¬ 
technical  Commission  (IEC)  publication  No. 
225.  The  acoustic  test  signal  is  presented  in  a 
diffuse  sound  field  in  accordance  with  stan¬ 
dards.  The  two  methods  most  frequently  used 
to  achieve  a  diffuse  field  arc  the  multiple 
speaker  and  signal  system,  installed  in  an  anc- 
choic  test  chamber  (with  the  sound  direction 
pointed  to  the  test  site),  or  a  speaker  system 
consisting  of  one  or  more  speakers  in  a  rever¬ 
beration  chamber  provided  with  diffusers. 

To  measure  the  insertion  loss  of  HPs,  the 
acoustic  test  fixtures  (ATF)  method  is  fre¬ 
quently  used.  This  technique  is  often  used  for 
quality  control  of  carmuffs  in  HP  factories 
(Pfrctzschncr  and  Moreno,  K86). 

The  use  of  artificial  heads  with  and  with¬ 
out  a  torso  has  also  been  described.  A  great 
deal  of  effort  has  been  expended  to  construct 
artificial  heads  acoustically  similar  to  the  aver¬ 
age  human  head  (Schroeter,  1982,  1986, 
Gigucre  and  Kunov,  1989;  Kunov  and 
Gigubrc,  1989;  key  ct  al,  1987;  Posselt  and 
Schroeter,  1985). 

All  these  methods  have  advantages  and 
disadvantages,  depending  on  the  aims  of  the 
measurements.  The  REAT  method  is  accepted 
to  be  the  one  that  gives  ‘true*  data  on  the 
measured  attenuation  from  both  carmuffs  and 
earplugs  However,  this  method  has  been  crit¬ 


icized  for  producing  some  minor  errors  in  at¬ 
tenuation  at  low-  frequencies,  depending  on 
the  masking  effects  from  physiologic  noise: 
Another  disadvantage  is  the  variability  cf  the 
measured  attenuation.  This  is  due  to  the  well- 
known  variability  of  bearing  threshold  mea¬ 
surements.  the  probL-m  of  proper  fitting  of  the 
HP,  the  selection  of  trained  subjects,  and  the 
difference  in  the  dimensions  between  sulv 
jects*  heads  and  ear  canals.  Further,  it  is  time 
consuming,  and  the  measured  attenuation  is 
limited  to  low’-exposurc  sound  levels. 

The  use  of  metal  ATFs  (ISO  DP  6290, 
1983)  «  only  applicable  for  quality  control  erf 
carmuff*,  the  measured  insertion  loss  is  not 
comparable  to  the  measured  attenuation  using 
the  REAT  method.  The  HP  attenuation  mea¬ 
sured  on  artificial  heads  with  artificial  cars 
(Maxwell  ct  al,  1987)  is  more  comparable  to 
the  results  from  human  subjects,  but  there  arc 
still  some  disadvantages.  One  is  the  lack  of  hu¬ 
man  soft  tissue  on  the  artificial  head;  another 
is  the  normal  variability  of  head  dimensions 
between  subjects,  which  also  influences  atten¬ 
uation.  Still  another  is  the  lack  of  any  sound 
transfer  by  bone  conduction,  which  limits  the 
HP  attenuation.  This  limit  is  accounted  for 
when  measuring  with  the  REAT  method 
(Berger,  1983). 

During  the  past  10  years,  the  use  of  mi¬ 
crophones  m  real  ears  for  measurement  of  HP 
attenuation  has  become  increasingly  common 
(Baines,  1982;  Liu  ct  al,  1989;  Gcrhng  ct  al, 
1989,  Hcllstrom  and  Axclsson,  1990;  Huincs 
and  Ahktrom,  1983,  Prcvcs  and  Pchringcr, 
1983.  Rood.  1982;  Shcnoda  ct  al,  1987; 
Traynor  ct  al,  1989).  Some  of  these  authors 
have  used  probe  microphones  outside  the  car- 
muff  with  the  probe  opening  inside  the  muff, 
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atiSk  o6c$  tot  ocvJ  *  risxh  oierop&oBa 
eaoanccd  droc^i  a  boSc  ta  d*  arsaaSL  Fur- 
the*, socc  «a5t$  Ascribe  tbc  tsc  rfa  two- 
Etoacpbooc  ttdakpc,  ooc  oo  tbc  icadc  aad 
coc  ca  die  octxdc  of  tbc  caff.  aad  5^3  etbes 
bnccxd  a  egj^aciDpixPc  gft&  ifac  cxdl 
AJdxx^j  a3  the sc  methods  tore  adrznagrs 
cocaprcd  to  tbc  methods  descried  above, 
they  2&o  hare  seex  disadvantages  that  nxsr 
aoscom 

Tbc  ttsc  of  a  probe-esatspboee  outside 
tbc  canaoflC  aia  tbc  probe  issoted  beorcen 
tbc  ssSsa!  and  tbc  ito.  may  cause  sound 
leakage  to  tbc  inside.  Further,  tbc  sound  re¬ 
duction  of  tbc  nncropbooc  housing  placed 
ootSAie  the  cxi5,  hts  to  be  prater  than  tbc  HP 
anenoatioo  in  order  to  achieve  2n  accurate 
measurement.  Tbc  use  of  a  twomkropbooc 
system,  ooc  outside  and  occ  inside  tbc  muff, 
will  give  dzta  oo  tbc  insertion  loss  but  not  tbc 
attenuation  and  must  be  recalculated  for  tbc 
sound  transfer  function  between  the  two  mi¬ 
crophone  positions  without  tbc  HP, 

Uc  have  tried  tbc  following  different 
tods  of  microphone  measuring  techniques  in 
order  to  gun  the  advantages  and  to  eliminate 
tbc  disadvantages  mentioned  above 

1.  In  the  first  experiment  we  determined 
tbc  optimal  microphone  position  in 
the  external  car.  By  optimal  w  e  mean  a 
position  in  which  tbc  measurement  re¬ 
sults  arc  least  sensitive  to  small  move¬ 
ments 

2.  In  the  second  experiment  we  com¬ 
pared  the  results  from  the  mini- 
microphone  (MMP)  measuring  tech¬ 
nique  of  HP  attenuation  with  the  results 
from  the  subjects  c  RE.VT  method. 

3-  In  the  third  experiment  we  studied  the 
attenuation  from  five  nonlinear  HPs 
with  the  MMP  technique  for  different 
sound  exposure  lc\'cls. 

4,  In  the  fourth  experiment  we  studied 
the  attenuation  produced  by  an  a  elite 
noise  reduction  (AMR)  system 
mounted  in  pilot  helmets. 

Method 

Subjects 

Experiment  I;  10  subjects  (25  to  50  years 
old)  participated 

Experiment  II;  10  subjects  (16  tears  old) 
were  tested  two  times 

Experiment  III;  10  subjects  (16  to  45 
>eaxs  old)  participated 

Experiment  IV;  4  subjects  (25-  to  -10)  car- 
old  helicopter  pilots)  participated 


A3  subjects  external  a udScocv  crerzH  and 
tyiapasac  mrmVanrs  (Phimcc  oxud  and 
free  tea  wax  before  the  start  cf  each  experi¬ 
ment.  A3  subjects  had  pomal  acoustic  re 
texts,  rr&Zc<2?  pressure.  2nd  com pEascc. 
The  subjects  pctic^uii^  a  the  second  ex¬ 
periment  also  hid  a  bearing  threshold  better 
than  10  dB  HL  at  tbc  tested  car  (nghxt  and 
were  33  erased  a  Be fcesy  zaSoattrr. 

Equipment 

All  experiments,  except  for  tbc  fourth 
one  were  performed  in  a  scnsnccboic  cham¬ 
ber  provided  with  a  movable  speaixr  system 
cover  tg  360  degrees  in  tbc  borizonul  plane 
2nd  0.  -*45. 2nd  -45  degrees  in  the  vertical 
plane  (Fag.  35-U  The  >lMP!s  (Knowles 
EA1&42)  used  in  these  experiments  were  pro¬ 
vided  with  silicon  probes  with  a  length  of  26 
mm  (outer  diameter  1,5  mm.  timer  diameter 
0,8  nun)  The  MMP  cable  was  clastic  and  soft 
(outer  diameter  less  than  I  tun)  The  signal, 
white  noise,  was  produced  by  a  noise  gen¬ 
erator  (Bruel  &  Kjacr  1405)  and  filtered 
through  a  Vvoctave  hand  equalizer  (Technics 
SH-S065X  The  electric  signal  was  amplified 
(Athlon  XP3)  and  converted  into  an  acoustic 
signal  by  broadband  loudspeakers  (Tannoy 
T165  X  T^re  microphone  signal  was  analyzed  in 
a  real-time  analyzer  (Norwegian  Electronic 
830),  The  audiometer  was  a  computerized 
Bek cs}-  type  (Entomed  SA-260)  and  was  set 
for  Fix  Bekesy  with  pulsed  tones  in  the  second 
experiment  The  subjects  and  the  measure¬ 
ment  setup  in  the  test  chamber  were  visually 
observed  during  the  experiments  via  televi¬ 
sion  camera  and  screen. 

Hearing  Protectors 

In  the  second  experiment  the  hearing 
protector  used  was  an  carmuff  type  (Bilsom 
Comfort ).  and  the  earplug  was  a  foam  type 
(EAR).  The  nonlinear  hearing  protectors 
tested  in  the  third  experiment  were  Bilsom 
Impact  stereo,  Ccotronic  stereo,  EAR-lfltra 
9000.  Hdlbcrg  Active  stereo,  Peltor  Tactical 
mono,  and  Peltor  Tactical  7  stereo. 

Experiment  1 

To  find  the  optimal  microphone  position 
in  the  external  auditor)*  canal,  the  sound  trans¬ 
fer  function  was  measured  from  free  field  to 
the  TM  at  12  different  positions,  2  mm  apart 
The  subject  was  seated  in  a  chair  in  the  mid¬ 
dle  of  the  test  chamber,  faring  the  speaker. 
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extOcacc  aa^Sc*  to  [be  borincxd  ptot 


5.  Top  tic**'  of  die  sound 


with  the  neefc  against  a  headrest.  The  probe 
provided  with  the  3LMP  was  hdd  in  position 
by  a  fixture  arrangement  (Kg.  35-2),  The 
probe  was  inserted  into  the  external  auditory 
canal  until  the  opening  was  1  ram  from  the 
T>L  In  this  position  the  sound  pressure  lo  ci 
was  recorded  in  ■/voettve  bands  from  200  to 
20.000  Hz.  The  probe  was  then  moved  2  mm 
outwards  and  the  measurement  was  repeated. 
These  measurements  w  ere  recorded  at  12  po¬ 
sitions  (24  mm  from  the  first  position)  in  10 
subjects.  Further,  the  SPL  was  measured  in  a 
position  corresponding  to  the  center  of  the 
subject's  head. 

Experiment  II 

To  compare  measurements  of  HP  attenua¬ 
tion  using  the  MMP  method  2nd  the  subjec¬ 
tive  method,  the  two  methods  were  used  si¬ 
multaneously  with  two  different  directions  of 
sound  incidence.  The  directions  were  selected 
from  the  averaged  data  of  sound  transfer  func¬ 
tions  (STF)  showing  greatest  differences  (HcII- 
strom  and  Axclsson,  1990).  The  first  position 
was  60  degrees  and  the  second  was  240  de¬ 
grees  in  the  horizontal  plane,  and  both  posi 
tions  were  at  -45  degrees  in  the  vertical 
plane.  The  difference  in  STFs  at  these  two  po¬ 
sitions  was  up  to  17  dB  (Fig  35-3)- 

The  subject  was  seated  in  a  chair  as  in  Ex¬ 
periment  I.  The  MMP  probe  was  inserted  into 
the  right  car  canal  with  its  opening  1  mm 
from  the  TM  and  fixed  in  this  position  by  tap¬ 
ing  the  MMP  cable  above  and  in  front  of  the 
tragus.  To  ensure  that  the  hearing  threshold 
measurement  was  limited  to  the  right  car,  the 


Figure  35-2  The  fixture  arrangement  of  the  mini- 
oxrophooe  (MMP)  probe. 

left  ear  canal  was  plugged  with  a  well-inserted 
foam  plug  The  hearing  thresholds  were  then 
recorded  without  HP  using  fixed  Bekesy  audi 
omeuy  for  both  directions  of  sound  inci¬ 
dence  The  HP  was  then  carefully  placed  on 
the  subject’s  head  and  new  hearing  threshold 
measurements  were  recorded  in  both  posi 
tions.  Without  moving  the  HP,  SPL  measure¬ 
ments  were  taken  at  the  same  speaker  posi¬ 
tions  used  for  the  hearing  threshold  measure¬ 
ments  but  using  white  noise.  The  HP  was  then 
removed  from  the  subject  and  the  SPL  mea¬ 
surements  were  repealed.  Each  subject  partic¬ 
ipated  four  different  times.  The  attenuation 
from  both  methods  was  then  calculated  for 
each  of  the  10  subjects.  Further,  the  mean  at¬ 
tenuation  as  well  as  the  intcrsubjcct  and  intra- 
subject  variability  was  calculated  from  the 
four  measurements  and  from  all  subjects  for 
the  two  methods  and  for  the  two  directions  of 
sound  incidence. 
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- 60  degree  -f*240  degri# 

Figure  35-3  The  average  ?ound  transfer  functions  from  free  6ckl  to  the  TM  for  two  incidence  angles.  60"  and 
2404. 


Experiment  Hi 

In  this  experiment,  the  auenuation/ampli 
fi cation  from  five  electronic  nonlinear  IIPs  and 
one  passive  nonlinear  HP  was  studied.  The 
noise  exposure  (white  noise)  was  calibrated 
to  gi\c  60  dBA  in  the  free  field  at  a  position 
corresponding  to  the  center  of  the  subject’s 
head  when  seated  The  preamplifier-attenuator 
was  calibrated  in  six  steps  to  give  a  difference 
of  10  dBA  between  each  step  at  the  center  po¬ 
sition  (60  to  1 10  dBA). 

The  subject  was  seated  in  a  chair  facing 
the  speaker,  the  MMP  probe  was  inserted  into 
the  tar  canal  as  described  under  Experiment 
II  The  HP  was  placed  on  the  subject’s  head, 
and  the  sound  level  adjustment  of  the  electri¬ 
cally  equipped  HPs  was  set  to  maximum.  The 
noise  stimulus  was  turned  on  at  the  first  level 
(60  dBA)  and  the  fiist  SPL  measurement  was 
recorded  The  measurement  was  repeated  and 
stored  at  each  of  the  other  five  levels.  The  HP 
was  removed,  the  next  HP  was  put  on,  and  the 
measurement  was  repeated  for  each  exposure 
le\cL  When  the  six  HPs  had  been  tested,  the 
measurements  were  repeated  without  HP  at 
each  lack  The  exposure  time  was  decreased 


from  10  seconds  to  5  seconds  in  the  situation 
without  HP  at  the  highest  sound  level.  The  six 
SPL  measurements  without  HPS  were  com¬ 
pared  for  each  subject  in  order  to  control  for 
any  level  dependence  that  might  have  oc¬ 
curred  in  the  unprotected  situation  as  a  result 
of  changes  in  impedance  due  to  the  acoustic 
reflex.  The  attenuation/amplification  was  cal¬ 
culated  for  each  HP,  exposure  level,  and  sub¬ 
ject.  The  mean  attenuation  was  then  calcu¬ 
lated  for  each  HP  and  exposure  level. 

Experiment  IV 

This  was  a  field  experiment  with  MMP 
measurements  in  real  HP  user  situations.  The 
users  were  helicopter  pilots  The  helicopters 
were  twin  rot  ary- wing  vehicles  (Vcrtol).  Four 
different  helmets  with  HPs  (earmuffs)  and 
communication  systems  w’crc  tested  in  differ¬ 
ent  flying  situations  Two  situations  were  of 
primary'  interest,  normal  transport  speed  with 
and  without  the  communication  system 
turned  on.  One  of  the  helmets  was  provided 
with  an  ANR  system.  This  rather  simple  sys¬ 
tem  was  phase-locked  to  the  fundamental  fre¬ 
quency'. 
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Figure  35-1  The  avenge  sound  transfer  functions  (STB)  of  10  subjects  between  the  tympanic  membrane  (TM ) 
position  and  two  other  positions,  2  nun  and  4  ram,  in  the  external  auditor)  canal  as  well  as  the  vanabilit)  expressed 
by  I  standard  deviation  (S  D  X 


Results 

Experiment  I 

Figure  35-4  illustrates  the  difference  in 
the  a\  cragc  Vs-octavc  band  STFs  between  the 
MMP  probe  position  1  mm  from  the  TM  (x) 
and  two  other  positions,  2  and  4  mm  from  x. 
The  difference  in  STF  between  the  positions  x 
and  2  mm  is  not  significant  for  frequencies  up 
to  10  kHz.  The  maximum  shift  occurs  in  the 
16  kHz  band  w  here  the  95  percent  confidence 
interval  is  less  than  4  dB.  At  the  next  position, 
2  mm  further  outwards  in  the  canal  (4  mm 
from  x),  the  maximum  shift  is  located  in  the 
12.5  kHz  band  (less  than  10  dB)  For  frequen* 
des  up  to  10  kHz,  the  95  percent  confidence 
interval  is  less  than  3.5  dB. 


Experiment  II 

Figure  35-5  shows  attenuation  measured 
using  the  MMP  and  HT  methods  with  the 
speaker  position  at  60  degrees.  Figure  35-6  il* 
lust  rates  the  differences  and  standard  devia¬ 
tions  of  results  from  data  in  Figure  35-4.  The 
MMP  method  results  in  higher  attenuation  in 
the  frequency  area  from  0.25  to  2  kHz  and  at 


4  kHz.  The  most  pronounced  difference  ap¬ 
pears  at  8  kHz.  The  variability  in  the  results  is 
greater  with  the  HT  method  at  all  frequencies 
except  for  8  kHz  and  reaches  its  maximum  at 
6  kHz,  The  differences  arc  significant  at  all  fre¬ 
quencies  except  for  6  kHz.  Figure  35-7  shows 
tiic  resulting  attenuation  using  both  methods 
with  the  speaker  position  at  240  degrees  The 
differences  are  less  than  2.5  dB  at  frequencies 
up  to  6  kHz.  The  MMP  method  results  in 
higher  attenuation  at  all  frequencies  except 
for  3, 6,  and  8  kHz.  The  differences  are  signifi¬ 
cantly  separated  at  0.25, 0.5, 6,  and  8  kHz,  The 
difference  is  10.4  dB  at  8  kHz. 


Experiment  111 

Figure  35-8  shows  the  average  HP  (Bil* 
soni  Impact  Stereo)  attenuation/amphfication 
for  six  different  exposure  levels  from  60  dBA 
to  110  dBA.  At  the  two  lowest  exposure  levels 
there  is  amplification  at  frequencies  between 
1  and  3  kHz.  The  other  frequencies  are  atten¬ 
uated  with  a  maximum  (25  dB)  in  the 
12,5-kHz  W  octave  band.  The  attenuation  in¬ 
creases  with  increasing  exposure  le\el  and  is 
35  dB  at  6  kHz  when  the  exposure  level  is 
110  dBA. 
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Hearts  Protector  Attenuation.  Angle  ©a 


V*f«Q*  10  subitct,  4  lira**. 

Figure  35*5  Hie  aierage  hearing  protector  (HP)  attenuation  measured  with  the  mini  microphone  (MMP)  and 
hearing  threshold  (IIT)  methods  at  60  degrees. 


Average  MMP-  Hthreah.(fnethod») 
dB,  difference*  in  attenuation 


Afl fit*  -40,60 


Figure  35-6  The  difference  in  hearing  protector  (HP)  attenuation  between  the  mini  microphone  (MMP)  and  hear 
ing  threshold  (IIT)  methods,  based  on  the  data  in  Figure  35  4  The  lines  displaj  the  variability  in  both  methods 
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Hearing  Protector  Attenuation.  Angle  240 


10  ftu&IftCi,  4  liras*. 

Figure  3-7  The  a\cragc  hearing  protector  (IIP)  attenuation  measured  with  the  mini  microphone  (MMP }  and  hear 
mg  threshold  (HT)  methods  at  210  degrees. 


BIL80M  IMPACT  STEREO 


Average  10  eubjeote 


Figure  35*8  The  nonlinear  effect  for  the  Bilsom  Impact  Stereo  hearing  protector  Each  line  indicates  the  attenuj 
tlorVamplification  at  different  exposure  lciels  from  60  to  110  dBA 
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'  CEOTfiONJC  stereo 


Arersse  3  subject 


Figure  3-S  The  nonlinear  effect  for  the  Ceotromc  Stereo  hearing  protector.  Each  line  indicates  the  attenuation^ 
amplification  at  different  exposure  lc\  els  from  60  to  1 10  dBA. 


Figures  35-9  and  35*10  illustrate  the  cor¬ 
responding  results  from  Ccotronic  Stereo  and 
Hcllbcrg  Active  Stereo,  respectively,  Tlic  at¬ 
tenuation  increases  with  increasing  exposure 
levels  from  60  to  1 10  dBA,  but  the  nonlinear 
effect  is  marginal  at  the  lower  exposure  levels. 

Figures  35-11  and  35-12  illustrate  the 
nonlinear  attenuation  from  the  Pcltor  Tactical 
Mono  and  Stereo  HPs,  respectively.  The  most 
pronounced  difference  between  these  two 
HPs  and  the  others  is  the  amount  of  amplifica¬ 
tion  at  the  lower  exposure  levels.  The  Peltor 
HP  has  20  to  25  dB  amplification  in  the  fre¬ 
quency  area  of  1  to  2  kHz, 

Experiment  IV 

The  normal  free  field  SPL  In  the  cockpit 
was  about  70  dB  at  high  frequencies  <6  to  10 
kHz)  and  110  dB  at  25  Hz,  which  gives  a 
sound  level  of  100  dBA  (Fig  35*13)<  The  he! 
met  attenuation  varies  between  7  and  28  dB 
in  the  frequency  range  of  0.16  to  10  kHz.  With 
the  ANR  system  turned  on,  an  additional  atten 
uation  of  7  to  17  dB  is  achieved  in  the  fre¬ 
quency  range  of  40  to  400  Hz. 


Conclusion 

We  studied  the  reliability  of  using  an 
MMP  technique  for  measuring  HP  attenuation 
The  optimal  MMP  probe  position  for  SPL  mea¬ 
surement  in  the  external  auditory’  canal  was 
founr*  to  be  in  the  area  of  I  to  3  mm  from  the 
TM.  In  this  area,  the  measurements  arc  not  af¬ 
fected  by  small  changes  of  probe  position  for 
frequencies  up  to  10  kHz,  and  only  minor 
shifts  occur  for  higher-frequency  bands.  Fur¬ 
ther,  no  changes  in  hearing  thresholds  were 
observed  whether  the  microphone  was  situ¬ 
ated  in  the  external  auditory  canal  or  not 

Comparison  of  the  HT  and  MMP  methods 
showed  good  correlation  except  for  high  fre¬ 
quencies.  However,  there  is  a  small  but  signif¬ 
icant  shift  between  the  methods,  the  MMP 
method  gives  higher  attenuation  for  frequen¬ 
cies  below  3  kHz,  This  shift  is  probably  not 
caused  by  masking  effects  due  to  physiologic 
noise  when  using  the  HT  method  Such  an  ef¬ 
fect  should  have  resulted  in  shifts  in  the  oppo¬ 
site  direction  One  explanation  could  be  the 
different  exposure  signals  being  used  The  HT 
measurement  signals  were  pulsed  pure  tones, 
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HELLBERQ  ACTIVE  STEREO 
dB.  attenuation  (-  -amplification) 


Artraae  10  aubjecta 

Figure  35-10  The  nonlinear  effect  from  the  Hcllbcrg  Acme  Stereo  hearing  protector.  Each  line  indicates  the  alien- 
uatioiVamplification  at  different  exposure  Icscls  from  60  to  110  dBA. 


PELTOR  TACTICAL  MONO 
dB,  attenuation  (-  -amplification) 


Average  10  aubleot 

Figure  35-11  The  nonlinear  effect  for  the  Peltor  Tactical  Mono  hearing  protector  Each  line  indicates  the  attenua 
tioiVamplification  at  different  exposure  levels  from  60  to  110  dBA 
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PELTOn  TACTICAL  7  8TEREO 


to  subiecta 


Figure  35-12  Hie  nonlinear  effect  for  the  Peltor  Tactical  Stereo  hearing  protector.  Each  line  indicates  the  attenu- 
ation/amplificauon  at  different  exposure  Ic\el$  from  60  to  110  dBA. 


Helicopter- cock  pit  8PL 


—  Free  field  level  8PL  Inside  helmet  ANR-on 

Tlgure  35*13  Hie  average  sound  pressure  level  (SPL)  m  the  helicopter  cockpit  measured  inside  pilot  helmets  with 
the  active  noise  reduction  (ANR)  turned  on  and  off,  and  in  free  field 
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and  the  signal  used  for  theMMP  measurement 
was  white  noise.  Another  explanation  is  the 
monaural  listening  situation  at  the  HT  mea¬ 
surement.  The  contralateral  ear  was  plugged 
with  a  well-inserted  foam. plug  that  should 
produce  enough  attenuation  to  eliminate  bin¬ 
aural  listening.  If  the  plug  did  not  attenuate 
enough,  the  measured  attenuation  with  the 
HT  method  should  have  been  less.  The  differ¬ 
ence  in  results  using  the  two  methods  was 
larger  at  8  kHz.  This  difference  could  be  ex¬ 
plained  by  the  two  different  exposure  signals 
The  nonlinear  attenuation  effect  from  the 
electrically  equipped  HPs  worked  well  for  the 
exposure  level  range  used.  The  passive  nonlin¬ 
ear  HP  did  not  show  any  nonlinear  effect  for 
these  exposure  levels.  In  an  earlier  study  this 
effect  started  at  an  SPI.  of  118  dB.  The  ANR 
system  we  tested  caused  an  attenuation  of  at 
most  17  dll.  The  attenuation  covered  frequen¬ 
cies  from  25  to  630  Hz.  These  systems  can  be 
functional  in  HPs  of  the  future.  With  lower 
pressure  of  the  cammffs  and  thus  better  com¬ 
fort,  the  low-frequency  attenuation  will  de¬ 
crease.  Tin's  can  be  compensated  by  the  effect 
of  the  ANR  system. 

Tile  MMP  method  was  found  to  be  an  al¬ 
ternative  to  the  HT  method  for  measuring  HP 
attenuation,  especially  the  attenuation  from 
nonlinear  HPs  and  in  real  user  situations. 

Methodes  devaluation 
Objectives  des 
Protecteurs  Auditifs 
Conventionnels, 
Non-Lineaires  et  Actifs 

La  mbthodc  convcntlonnelle  pour  la 
mesure  dc  Tattenuation  de  protecteurs  auditifs 
(ISO -1869)  n'est  pas  ittilisable  dans  tous  les 
cas.  L’un  des  problbntes  reside  dans 
revaluation  de  Tattenuation  de  protecteurs 
non  lineaires.  Ces  protecteurs  sow  supposes 
avoir  une  faiblc  attenuation  aux  niveaux  de 
bruit  faibles  et  une  attenuation  plus  impor- 
tantc  aux  niveaux  blcvbs. 

Au  cours  de  Pannee  passee,  le  nornbre  de 
protecteurs  auditifs  non  lineaires  commercial¬ 
ises  s'est  accra  mais  les  caracteristiques  chif- 
frees  de  Teffct  non  Iin6aire  ne  sont  pas  dis- 
pontbles.  II  est  dependant  possible  de  mesurcr 
Tattenuation  de  ces  protecteurs  A  I'aide  de  la 
mblhode  subjective,  Tamplification  etant  soil 
coupee  soil  regiec  A  sa  valeur  maximale.  Mats 
ces  valours  ne  nous  apprendront  nen  sur 
i'effet  non  lineaire  ou  sur  la  valeur  de 


Tattenuation  aux  niveaux  sonores  eleves  Nous 
avons  etudie  la  possibilite  d'utiliser  des  micro¬ 
phones  miniatures  pour  mesurer  les  niveaux 
dc  pression  acoustique  dans  le  conduit  auditif 
exteme  avec  et  sans  protecteurs  auditifs. 

Differems  types  de  microphones  minia¬ 
tures  ont  ete  compares  en  ce  qui  conccrne 
leur  gamrne  dynamique,  la  frequence  et  la  bn- 
earite  du  niveau  sonore,  Les  microphones  re- 
tenus  furent  ensuite  places  dans  des  conduits 
auditifs  humains  de  maniere  A  comrolcr  route 
influence  bventucllc  sur  l'impbdance  acous¬ 
tique  Nous  avons  decide  d'utiliser  le  micro¬ 
phone  miniature  Knowles  (EA-1812)  cquipc 
d'une  sonde  en  silicone. 

Pour  trouver  la  meillcure  position  pour  le 
microphone,  la  fonction  de  transfer!  de 
I'entrbc  du  conduit  auditif  A  la  membrane  tym- 
panique  fut  mesurec  par  pas  de  2  mm.  Par 
meillcure  position  on  entend  une  zone  A 
Tlntcrieur  de  laqucllc  les  risultats  sont  af- 
fectis  le  molns  possible  par  de  faibles  de-place¬ 
ments  du  microphone. 

La  fonction  dc  transfert  du  champ  hbre  it 
la  membrane  tympanlque  fut  mesurbe  chcz  20 
sujets  pour  24  angles  d'incidencc  sonore  dans 
le  plan  horizontal  et  pour  chacun  de  ccux-ci, 
pour  3  angles  dans  le  plan  vertical,  soli  au  to¬ 
tal  pour  72  incidences. 

Les  rcsultats  moyens  constituent  un  outll 
pour  Ic  calcul  des  niveaux  dc  pression  acous¬ 
tique  en  champ  libre  A  partir  de  ceux  mesures 
dans  ie  conduit  auditif. 

Pour  deux  angles  d'incidencc  sonore,  Tun 
avec  une  forte  amplification  Tautrc  avec  une 
faiblc  amplification  dues  A  la  forme  du  corps  et 
A  la  rbsonance  du  conduit  auditif,  les  differ¬ 
ences  dc  scuffs  subjectifs  furent  comparecs 
avec  ics  valcurs  obtenucs  A  partir  de  mesures 
effectubes  avec  les  microphones  miniatures. 

L'btudc  fut  rbahsce  et  rbpetee  quatre  fois 
sur  10  sujets  avec  et  sans  protecteurs  auditifs. 

L’attbnualion  des  protecteurs  auditifs 
mesurbe  A  i'aide  dc  la  technique  des  micro¬ 
phones  miniatures  s'avbra  etre  en  bon  accord 
avec  les  rbsultats  obtenus  A  partir  de  la  meth- 
ode  subjective  et  Ton  constata  que  la  tech¬ 
nique  de  mesure  btalt  valablc  avec  neanmoins 
quelques  limitations. 

L’attcnuation  de  cinq  protecteurs  auditifs 
non  lineaires  (serre-tbte)  fut  btudiee  pour  6 
niveaux  deposition  differcnts  (entre  60  et 
110  dBA)  chcz  10  sujets. 

L’effet  non  lineaire  de  protecteurs  equipes 
dc  systbmes  clectroniques  a  fonctionne  con- 
formement  aux  previsions. 

L'attbnuation  de  trois  protecteuts  non  lin- 
eaires  (serre  tele)  fut  bvaluee  dans  des  situa- 
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lions  ^utilisation  reahstes  en  regime  de  bruits 
Impulsionnels  ct  en  regime  de  bruit  continu. 

Dans  1c  cas  de  bruits  impulsionnels,  I’effet 
non-lineaire  fonctionnait  aussi  bien  que  dans 
!e  cas  de  bruits  continue 

L’attenuation  de  casques  equipcs  de  dis- 
positifs  h  attenuation  acoustiquc  active  du 
bruit  ct  destines  au  personnel  navigant  fut 
6tudiee  en  situation  reclle  &  bord  d’h£H- 
coptercs.  On  a  observe  une  attenuation  active 
dans  1c  domaine  dcs  frequences  comprises  en* 
tre  40  et  600  Hz. 
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CHAPTER  36 


Medial  Efferents  and  Acoustic 
Trauma 

JEAN-LUC  PUFX 
PATRICK  VASSOUT 


I(  is  '.veil  documented  that  hearing  deficits 
may  result  from  exposures  to  relatively  in¬ 
tense  acoustic  stimulation.  When  threshold 
shift  IS  produced  by  tonal  stimuli,  the  maxi¬ 
mum  hearing  loss  is  measured  at  half  an  oc¬ 
tave  above  the  exposure  frequency,  and  the 
loss  recovers  if  the  threshold  depression  is  no 
greater  than  -10  dll  (McFaddcn,  1986)  In  addi¬ 
tion,  it  has  been  shown  that  exposure  to  high- 
Intensity  sound  results  in  various  structural 
changes  (Saunders  et  al,  1985).  Recent  studies 
have  focused  on  two  major  structural  changes 
In  the  cochlea  to  explain  the  hearing  losses: 
( 1 )  stereociha  lesions  (Tilney  ct  al,  1982;  Rob¬ 
ertson,  1982,  Slepecky  ct  al,  1982;  Engstrom 
et  al,  1983,  Ubcmian  and  Dodds,  1981; 
Nielsen  and  Slepecky,  1986,  Canlon  ct  al, 
1987),  and  (2)  swelling  of  afferent  dendrites 
at  the  level  of  inner  hair  cells  (IHCs)  (Reaglcy, 
1965;  Spocndlin,  1971;  Robertson,  1983).  In  a 
previous  study  (Fuel  ct  al,  1988),  we  invcstl- 
gated  the  possibility  that  an  intense  sound 
produces  damage  at  the  level  of  IIIC  afferent 
synapses  by  an  excessive  release  of  ncuro- 
transmitter  Because  intracochlear  perfusion 
of  kynurenate,  which  is  known  to  block  the 
action  of  the  afferent  ncurotransniittcr 
postsynapncally  (Bobbin  and  Ceasar,  1987), 
did  not  reduce  the  traumatic  effect  of  the  in 
tense  sound,  we  concluded  that  the  active 
processes  were  affected  first. 

One  current  hypothesis  is  that  the  fast 
motility  of  the  isolated  outer  hair  cells 
(OHCs)  is  related  to  these  active  processes 
(Brownell  et  al,  1985;  Ashmore,  1987), 
whereas  the  chemically-induced  slow  motility 
of  the  OHCs  is  related  to  the  modulation  of 
the  active  processes,  modulation  that  is  proba 
bly  driven  in  vivo  by  the  efferent  fibers  The 


only  efferents  connected  to  the  outer  hair 
cells  are  the  medial  olivocochlear  (flOC)  ef¬ 
ferents  coming  from  the  medial  nuclei  of  the 
superior  olivary  complex  (Ware  et  al,  1986) 
Because  electrical  stimulation  of  the  crossed 
olivocochlear  bundle  (COCB),  which  essen¬ 
tially  activated  the  MOC  efferents,  has  been 
demonstrated  to  reduce  the  effect  of  intense 
sound  on  the  cochlear  potentials  (Rajan, 
1988a, b),  one  suggestion  is  that  the  MOC 
efferents  might  protect  the  cochlea  against 
the  damaging  effects  of  intense  sound  expo¬ 
sure. 

Because  strychnine  has  been  shown  to 
block  the  effects  of  an  electrical  stimulation  of 
the  COCB  (Wiedcrhold,  1986),  we  decided  to 
test  the  protective  role  of  HOC  efferents  by- 
comparing  the  effect  of  intense  sound  expo¬ 
sure  during  intracochlear  perfusion  of  artificial 
perilymph  with  or  without  strychnine.  In  addi¬ 
tion,  Buck  et  al  (1984)  observed  in  anesthe¬ 
tized  and  curarized  animals  that  for  lsoencr- 
gctic  exposure  to  burst  noise,  the  greatest 
threshold  shift  occurred  at  a  repetition  rate  of 
one  per  second,  whereas  almost  no  threshold 
shift  w-as  observed  when  the  repetition  was 
set  at  17  per  second.  At  this  time,  they  pro 
posed  that  there  might  be  a  protective  mecha¬ 
nism,  different  from  a  middle-ear  rellex,  which 
minimizes  the  effect  of  stimulation  on  the  or¬ 
gan  of  Corti.  Therefore,  we  designed  a  second 
series  of  experiments  to  test  the  hypothesis 
that  the  absence  of  threshold  shift  observed  at 
a  rate  of  17  per  second  might  result  from  a 
protective  mechanism  driven  by  the  MOC  ef¬ 
ferents,  by  testing  strychnine  applied  in- 
traperitoneally  and  by  sectioning  the  crossed 
MOC  efferents  at  the  floor  of  the  fourth  ventri¬ 
cle 
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Methods 

First  Series  of  Experiments 

The  method  used  was  tbc  same  as  previ¬ 
ously  described  (Pud  ct  2 X,  19SS>  Briefly.  15 
pigmented  guinea  pigs  of  both  sexes  were 
anesthetized  with  pentobarbital  2nd  chlorpro- 
thixenc,  and  the  middle-ear  rousdes  were  sec¬ 
tioned.  In  five  animals,  comrabtoal  ear  de¬ 
struction  was  carried  out  after  the  am nal  was 
anesthetized  by  physically  destroying  the  co¬ 
chlea  with  a  blunt  probe  about  2  hours  before 
the  exposure  to  the  intense  sound.  Three 
groups  of  animals  were  studied.  Group  1  un¬ 
derwent  intense  sound  exposure  during  perfu- 
si  ,n  with  artificial  perilymph.  Group  2  under¬ 
went  contralateral  car  destruction  before  in¬ 
tense  sound  exposure  during  perfusion  with 
artificial  perilymph.  Group  3  underwent  in¬ 
tense  sound  exposure  during  perfusion  with 
artificial  perilymph  containing  strychnine. 

The  potentials  were  average  responses 
(20  samples)  to  6.000-.  8,484-,  and  10.000-Hz 
tone  bursts  of  0.25  ms  exponential  nscfill 
time,  10  ms  duration,  and  200  ms  interstimu- 
lus  interval,  presented  in  a  closed  acoustic  de¬ 
livery  system.  Intensity  functions  were  ob¬ 
tained  by  varying  tone,  burst  intensities  (14  to 
1 10  dB  SPL,  in  6-dB  steps). 

Artificial  perilymph  was  infused  into  the 
basal  turn  of  scala  tympani  and  allowed  to 
flow  out  of  the  basal  turn  of  scala  vestibuli  at 
2.5  pi  per  minute  through  holes  made  in  the 
cochlea.  The  artificial  penlymph  solution  had 
the  following  composition:  137  mm  Nad;  5 
mm  KOI;  2  mm  CaQ>;  I  mm  MgCl>:  10  mm 
Hopes,  10  mm  glucose,  pH  1a.  Three  consec¬ 
utive  intracochlear  perfusions  of  different  du¬ 
rations  were  carried  out  in  all  animals,  the  first 
lasting  JO  minutes,  a  second  lasting  35  min¬ 
utes,  and  a  third  lasting  10  minutes.  In  all  15 
animals  artificial  perilymph  was  perfused  for 
10  minutes.  This  was  then  followed  by  the 
second  perfusion  of  35  minutes,  which  in  10 
animals  (five  normal  animals  and  five  with 
contralateral  car  destroyed)  consisted  of  artifi¬ 
cial  penlymph  alone  and  in  five  other  animals 
consisted  of  artificial  perilymph  containing  10 
pm  strychnine  sulfate.  Starting  10  minutes  af¬ 
ter  the  beginning  of  the  second  perfusion  pe¬ 
riod,  a  6-kHz,  95-dB  SPL,  15  minute  continu¬ 
ous  tone  w?«  presented  to  the  ipsilatcral  car. 
In  all  animals  after  the  second  perfusion  pc- 
rio  I,  the  third  perfusion  was  finally  carried  out 
with  artificial  perilymph  Intensity  functions  to 
tlic  tone  bursts  were  recorded  before  any  per¬ 
fusion  and  immediately  after  each  perfusion 
(within  2  minutes). 


Figure  36-I  Coeapotad  act* «*  pccaxul  (CAP) 
dsoboM  shift  a  dcabd*  (ocn  ft:  5EM  J  as  a  ftrxuoa 
of  too e  froqocacr  after  acoestic  tracer*  (6  Utc  95  dB 
SPL.  15  caaotq)  recorded  after  the  cad  of  tbc  third 
perftaaoaia  tbc  firtf  servo  of  esper kacccs-  Tbc  thresh 
oJd  si w  rccccxicd  as  the  dftreat  fircca  the  re¬ 
cording  after  the  first  perfusion  with  artificial  peri 
lymph  aad  the  recording  after  aD  perfusions.  2xma  arc 
data  otxriaed  after  arose  soood  exponerc  denag  per- 
fusion  wvh  amficii]  perihisph  aiooc  (o  =  5.  open  as- 
deX  after  cootnlatcral  car  destruction  before  totessc 
sound  exposure  during  perfusion  with  artificial  peri- 
hraph(o  =  5.  fiDed  cxrdeX^od  after  ertense  sound  ex¬ 
posure  during  perfusion  with  artificial  perih-nph  con¬ 
taining  10  pm  stndufflc  (n  =  5.  open  trun^cX  Ana 1- 
ysis  ot  nruncc  and  the  Ncwmmn-Kculs  multiple  range 
test  were  used  to  determine  s.-gnfiqacc  (asterisk, 
p  less  than  0.00 1 X 


Treatment  effects  were  defined  by  com¬ 
paring  potentials  recorded  after  the  various 
treatments  to  those  recorded  after  the  first 
perfusion.  Analysis  of  variance  and  Newmann- 
Kculs  multiple  range  test  were  used  to  deter¬ 
mine  significance  (p  less  than  005).  The  data 
arc  expressed  as  means  ft  SEM. 

Second  Series  of  Experiments 

Thirty-four  pigmented  guinea  pigs  were 
anesthetized  with  ketamine.  Tone  bursts  of  8 
kHz  (10  ms  duration)  were  presented  in  a 
dosed  acoustic  delivery  system  with  a  repeti¬ 
tion  rate  of  cither  1  per  second  for  17  minutes 
(n  =  8)  or  17  per  second  for  1  minute  (n  = 
14).  This  paradigm  represents  zsoencrgclic  ex¬ 
posures  of  10  seconds  in  toul  effective  dura¬ 
tion.  The  duration  of  the  tone  burst  ( 10  ms) 
was  chosen  to  be  shorter  than  the  latency  of 
the  efferent  fiber's  response  as  recorded  b> 


JQBtU.  DTQ2Y15  AND  ACXMJCTiUDtl 


417 


TS  t6Zi 


Rjurc  36-2  Cosnpoaad  aaxn  pcxtad  (C\P>  tirobokJ  sh±  a  cJcdxb  (p can  i  SEM*.  is  a  faocuoi  of  uoc 
fcrcqocoo.  tadoccd  bv  a  1  3&<J3  SPL  MiocVrt  for  isccocrpajc  loac  bum  exposure  »  a  repetition  rale  of  1  per  Kt 
oodfoc  1~  ntrxscs  (berry  Lrsojaad ai  a  repetition  rce  cf  1~  per  second  for  1  mntac(L^i  fcnes*  C.  The  group 
of  anisnB  thjj  mere  aunzed  Tbc  oucabcr  of  arunufr  in  cadi  poop  b  indicted  in  purrotbese^ 


Robertson  and  Gammer  ( 1985)  and  Liberman 
and  Broun  ( 19 86). 

Tbc  threshold  shifts  were  measured  ipsi- 
btcralh'  by  dectrocochlcographv  at  the  Icvd 
of  the  round  window.  20  minutes  after  the 
end  of  the  exposure  for  frequencies  ranging 
from  4  to  32  kHz. 

Two  different  drugs  were  used  to  try  to 
block  the  normal  function  of  the  MOC  effer¬ 
ents:  strychnine  (n  =  5)  and  scopolamine  (n 
=  4).  The  drugs  were  injected  imraperito- 
neally  (2  mg  per  kilogram)  10  to  30  minutes 
before  the  exposure  to  tone  bursts  presented 
at  a  repetition  rate  of  17  per  second.  In  addi* 
lion,  in  three  animals  a  section  of  the  brain 
stem  at  the  floor  of  the  fourth  ventricle  w-x 
also  performed  in  order  to  diminatc  the 
crossed  part  of  the  MOC  efferents. 

Results 

First  Series  of  Experiments 

The  greatest  effect  of  the  intense  sound 
on  compound  action  potential  (CAP)  thresh 
old  during  perfusion  with  artificial  penljmph 
alone  was  obscrud  at  8  <81  Hz,  with  less  of 


an  effect  occurring  at  10.000  Hz.  and  the  least 
effect  occurring  at  6.000  Hz  (fig.  36-1 X  The 
results  in  the  group  of  animals  with  contralat¬ 
eral  car  destruction  did  not  differ  from  the 
above  group  (fig.  36-1 X  Howes  er.  in  the 
group  of  animals  exposed  to  an  intense  sound 
during  perfusion  with  artificial  perilymph  con¬ 
taining  10  pm  strychnine,  the  shift  in  CAP 
threshold  at  8.484  Hz  exposure  was  *  gnifi- 
canliy  greater  (about  12  dB)  than  that  ob¬ 
served  in  animals  exposed  to  intense  sound 
during  perfusion  with  artificial  perilymph 
alone. 

Second  Series  of  Experiments 

For  the  same  stimulation  level  (136  dB 
SPI  ),  exposure  to  a  tone  burst  presented  at  a 
repetition  rate  of  17  per  second  for  1  minute 
induced  a  slight  threshold  shift,  whereas  with 
a  repetition  rate  of  1  per  second  for  I*7  mm 
utes  a  threshold  shift  of  about  50  dB  was  ob¬ 
served  at  a  frequency  half  an  octave  abo\c  the 
exposure  frequency*  (Fig  36-2).  No  modifica 
non  of  the  responses  could  be  obsened  when 
anesthetized  animals  exposed  to  the  repetition 
rate  of  17  per  second  were  injected  with 
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Figure  36-3  Oxapoood  action  potential  (CAP)  threshold  sfcrfi  ta  dccibcb  (mean  -  SEM  X  as  a  function  of  tooc 
frequency.  uxJoccd  bra  1 36<JB  SPL  sinsdas  for  tsocncrgrtic  tone  burst  exposure  at  a  repetition  rate  of  1  per  sec 
ood  for  17  Canutes  (heavy  lmes)  and  ax  a  repetition  rate  of  17  per  second  for  1  minute  (light  lines  X  St  and  Sc. 
Animals  that  respectncly  received  intrapentoneal  injections  of  strychnine  and  scopolamine  (2  mg  per  kilogram)  10 
to  30  minutes  before  tbe  exposure  to  tone  bursts  presented  at  a  repetition  rate  of  1"  per  secood  for  1  minute  The 
number  of  animals  a  cadi  group  is  indicated  in  parentheses. 


curare  (Fig.  36-2  X  In  contrast,  administration 
of  strychnine  or  scopolamine  induced  an  in¬ 
crease  in  the  threshold  shift  in  animals  ex¬ 
posed  io  the  repetition  rate  of  17  per  second 
(about  12  dB),  but  still  far  less  than  the  value 
measured  with  a  repetition  rate  of  1  per  sec¬ 
ond  (Fig.  36-3).  The  same  result  was  obtained 
after  the  section  of  the  brain  stem  at  the  floor 
of  the  fourth  ventricle  (Fig  36-4). 

Conclusion 

The  main  result  of  both  series  of  experi¬ 
ments  is  that  the  effects  of  an  intense  sound 
were  about  12  dB  greater  in  the  presence  of 
strychnine  applied  either  directly  to  the  co¬ 
chlea  or  intrapcritoneally.  In  addition,  the 
largest  threshold  shift  was  always  observed  at 
a  frequency  half  an  octave  above  the  exposure 
frequency,  which  is  consistent  with  results  ob 
tamed  in  different  species  of  mammals  (Mitch 
ell  ct  al,  1977;  Lonsbury-Martin  and  Mciklc, 
1978,  Cody  and  Johnstone,  1981,  MeFadden 
and  Plattsmicr,  1982) 


The  function  of  the  efferents  on  the  co¬ 
chlea  has  been  generally  studied  by  electrical 
stimulation  of  the  COCB  (Wicdcrhold  and  Ki- 
ang.  1970;  Desmedt  and  Robertson,  1975). 
The  major  effect  of  such  stimulation  was  to  re¬ 
duce  the  amplitude  of  the  CAP,  this  effect 
could  be  blocked  by  strychnine  (Desmedt. 
1975).  In  both  scries  of  experiments,  the  ef¬ 
fect  of  an  intense  sound  was  greater  in  the 
presence  of  strychnine.  This  suggests  that  one 
effect  of  the  efferents  may  be  to  act  as  protcc* 
tors  against  an  intense  sound. 

Consistent  with  this  interpretation,  elec¬ 
trical  stimulations  of  the  COCB  attenuate  the 
effect  of  an  intense  sound  on  the  cochlear  po 
tentials  (Rajan,  1988a,b).  In  addition,  sound 
stimulation  of  the  contralateral  ear  attenuates 
the  effect  of  intense  sound  on  the  ipsilateral 
car  (Cod>  and  Johnstone,  1982)  Because  this 
effect  was  blocked  by  an  intramuscular  injec¬ 
tion  of  strychnine.  Cody  and  Johnstone  pro¬ 
posed  that  this  dcscnsitization  could  be  the  re 
suit  of  acoustical  I) -evoked  contralateral  effer¬ 
ent  activity.  The  same  reduction  of  the  effect 
of  intense  sound  was  also  shown  after  dcstnic- 
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Figure  36-4  Compound  action  potential  (CAP)  threshold  shift  in  decibels  (mean  =  SEM),  2S  a  function  of  tone 
frequency,  induced  by  a  136<1B  SPL  stimulus  for  tsocnergctic  tone  bur>t  exposure  at  a  repetition  rate  of  1  per  see- 
otxl  for  1"  minutes  (heavy  lines)  and  at  a  repetition  rate  of  17  per  second  for  1  minute  (light  lines).  Sect.  Animals 
in  wtuch  a  section  of  the  brain  stem  at  the  Boor  of  the  fourth  sentncle  was  performed  before  the  exposure  to  tone 
bursts  presented  at  a  repetition  rate  of  l"*  per  second  for  1  minute.  The  number  of  animals  in  each  group  is  indi 
catcd  in  parentheses 


lion  of  ihc  contralateral  cochlea  (Raj an  and 
Johnstone,  1983).  However,  in  our  first  scries 
of  experiments,  no  difference  was  found  be¬ 
tween  the  animals  with  and  without  contralat 
era]  destruction.  This  apparent  contradiction 
may  be  explained  by  ( 1 )  the  effect  of  the  con¬ 
tralateral  destruction  possibly  dissipating  o\cr 
a  2-hour  period  before  the  noise  exposure,  or 
(2)  the  different  duration  and  intensity  of 
sound  exposure,  or  (3)  both.  In  any  case,  our 
results  suggest  that  no  contralateral  compo¬ 
nents  are  involved  in  the  present  study.  There¬ 
fore,  the  potentiation  of  the  ipsilaicra!  intense 
sound  by  strychnine  observed  in  the  first  se¬ 
ries  of  experiment  in  which  the  middle-car 
muscles  were  severed  suggests  that  ( 1 )  an  ip- 
silatcral  cochlear  efferent  loop  is  activated  by 
the  ipsilatcral  intense  sound,  and  (2)  these  fi¬ 
bers  suppressed  the  damaging  effects  of  the  in¬ 
tense  sound  in  the  animals  not  treated  with 
strychnine. 

The  second  series  of  experiments  shows 
that  for  an  isoencrgetic  exposure  level,  the 
greatest  effect  of  intense  sound  upon  CAP 
threshold  was  obtained  at  a  repetition  rate  of 


1  per  second,  whereas  almost  no  threshold 
shift  was  observed  when  the  repetition  rate 
was  set  at  *7  per  second.  Because  the  results 
remained  unchanged  when  the  exposed  ani¬ 
mals  were  curarizcd,  it  is  unlikely  that  an 
acoustic  reflex  of  the  middle-car  muscles  is  in¬ 
volved  in  this  phenomenon.  One  interpreta¬ 
tion  is  that  the  repetition  rate  of  1  per  second 
might  give  time  to  the  cochlea  to  return  to  its 
original  condition  before  the  occurrence  of 
the  following  tone  burst.  In  this  way,  tone 
bursts  presented  at  a  repetition  rate  of  1  per 
second  could  be  considered  isolated  stimuli  in 
which  no  significant  efferent-induced  phenom¬ 
enon  exists.  On  the  contrary',  the  repetition 
rate  of  17  per  second  could  correspond  to  a 
condition  in  which  the  protective  mechanism 
driven  by  the  efferents  is  fully  efficient.  In¬ 
deed,  an  intrapcritoncal  injection  of  strych¬ 
nine  or  scopolamine  10  minutes  before  an  ex¬ 
posure  of  17  tone  bursts  per  second  induced  a 
larger  threshold  shift,  this  potentiation  was 
about  the  same  as  that  observed  in  the  first  se¬ 
ries  of  experiments  (about  12  dB).  Here  again, 
these  results  suggest  that  an  ipsilatcral  co- 
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chlcar  efferent  loop  is  involved  in  a  protective 
mechanism  of  the  cochlea  against  intense 
sound. Moreover  the  section  of  the  brain  stem 
at  the  floor  of  the  fourth  ventricle  has  the 
same  potentiating  effect  2s  strychnine  or  sco¬ 
polamine.  Especially  in  guinea  pig.  the  fact 
that  the  lateral  efferent  system,  which  syn¬ 
apses  with  the  dendrites  of  the  auditory  nerve 
below  the  inner  hair  cells,  seems  to  have  few 
contralateral  neurons  (Robertson,  1985), 
makes  this  section  almost  selective  for  the 
crossed  MOC  efferents.  Therefore,  this  result 
suggests  that  a  protective  intracochlcar  mech¬ 
anism  against  an  intense  sound  is  mediated  at 
least  in  part  by  crossed  MOC  efferents. 

Evidence  that  an  ipsilatcral  cochlear  loop 
mediated  by  MOC  efferents  can  protect  the 
cochlea  against  an  intense  sound  is  contradic¬ 
tory'.  For  example,  Trahiotis  and  EJliott  (1970) 
failed  to  show  any  difference  after  noise  expo¬ 
sure  in  animals  with  COCB  severed,  whereas 
Handrock  and  Zeisberg  (1982)  reported  that 
both  temporary'  and  permanent  threshold 
shifts  increased  after  severing  all  efferents 
within  the  vestibular  nerve.  Moreover,  in 
second  series  of  experiments,  pharmacologic 
or  surgical  efferent  manipulations  failed  to 
completely  cancel  the  protective  effect  (see 
Figs.  36-3  and  3 6-4).  The  intrapcritoncal  ad¬ 
ministration  of  strychnine  or  scopolamine,  or 
the  section  of  the  brain  stem  at  the  floor  of  the 
fourth  ventricle,  induced  an  increase  of 
threshold  shift  in  animals  exposed  at  the  repe¬ 
tition  rate  of  17  per  second,  but  this  threshold 
shift  was  far  less  than  the  shift  that  occurred 
with  a  repetition  rate  of  1  per  second.  Of 
course,  one  can  speculate  that  the  mode  of  ad¬ 
ministration,  the  doses,  the  drugs,  the  type  of 
section  we  used,  or  a  combination  thereof, 
were  not  adequate  to  completely  cancel  the 
protective  mechanism.  Nevertheless,  other  al¬ 
ternative  explanations  can  be  proposed.  For 
example,  in  addition  to  MOC  efferent  activa¬ 
tion,  the  OHCs  themselves  might  also  exhibit 
a  protective  mechanism  against  intense  sound 
that  cannot  be  expressed  when  using  a  repeti¬ 
tion  rate  of  1  per  second.  Brundin  ct  al  ( 1990) 
reported  that  mechanical  responses  of  isolated 
OHCs  in  vitro  can  be  induced  by  acoustic 
stimulation  of  the  lateral  wall  of  the  cells,  but 
not  of  the  stcrcocilia.  Ding  et  al  (1990)  pro¬ 
posed  that  these  mechanical  (acoustic)  re¬ 
sponses  may  result  from  the  opening  of 
stretch-activated  channels.  This  could  allow 
calcium  to  enter  the  cell,  leading  to  a  shorten¬ 
ing  of  the  OHCs  through  the  interaction  of  ac- 
tin  and  myosin.  Therefore,  it  might  be  possible 
that,  at  such  intensities  of  stimulation,  the 
OHCs  respord  by  contracting  and  conse¬ 


quently  limiting  the  mechanical  input  to  the 
organ  of  Coni  without  any  action  of  the  MOC 
efferents.  Moreover,  the  rate  of  1  tone  per  sec¬ 
ond  could  be  considered  single  moderate 
acoustic  trauma  applied  to  the  cochlea  every 
second.  Because  it  has  been  shown  that  mod¬ 
erate  exposure,  which  initially  causes  tempo¬ 
rary  threshold  shift,  may  produce  a  permanent 
loss  after  many  repetitions  (Taylor  ct  al,  1965; 
Kell  1975;  Lonsbuiy-Martin  ct  al,  1987),  it 
can  be  proposed  that  the  difference  between 
the  two  repetition  rates  (1  versus  17  per  sec¬ 
ond)  results  from  a  potentiation  phenomenon 
through  an  unknown  mechanism. 

In  conclusion,  both  studies  suggest  that  a 
protective  intracochlcar  mechanism  against  an 
intense  sound  is  mediated  by  activation  of  the 
crossed  MOC  efferents  during  intense  sound 
stimulation.  This  activation  constitutes  at  least 
one  way  through  which  a  protective  mecha¬ 
nism  may  be  expressed  during  intense  sound 
stimulation  of  the  cochlea. 

Systeme  Efferent  Median 
et  Traumatisme  Sonore: 
Pharmacologie  et 
Electrophysiologie 

Dans  une  etude  prcccdcntc  (Pucl  ct  coll, 
1989),  nous  avons  teste  la  possibilitc  scion 
laqucllc  une  liberation  excessive  dc  ncuro- 
iransmetteur  indrntc  par  une  sur-stimulation 
sonore  pouvait  provoquer  dcs  degats  au 
niveau  des  fibres  aficrcntcs  dcs  cellules  cilices 
internes.  Etant  donne  qu’unc  perfusion  mtrac- 
ochl&urc  de  kynur£natc  nc  rcduisait  pas  reffet 
du  traumatisme  acoustiquc  utilise  dans  ccttc 
etude,  nous  cn  avons  conclu  que  sculcs  les 
structures  impliquccs  dans  la  transduction 
avant  la  synapse  afferente  ctaient  affect  tes. 
Ccs  structures  sont:  ( 1 )  les  cellules  cilices  in¬ 
ternes  (CCI),  vcritables  cellules  scnsorielles  ct 
(2)  les  cellules  cilices  cxtcrncs  (CCE)  qui 
modulcnt  dc  manitre  mccaniquc  I’activitd  des 
CCI  (mccanismcs  actifs).  Les  seulcs  effcrcnccs 
dcs  CCE  sont  cellcs  du  systfcme  efferent  m6- 
dian.  la  stimulation  elcctnquc  dc  ces  fibres 
pendant  une  exposition  sonore  red u it  reffet 
du  traumarieme  acoustiquc  (Rajan  and 
Johnstone,  1938).  Aussi,  nous  avons  etudic 
reffet  d'un  traumatisme  acoustiquc  cn  pres¬ 
ence  ou  cn  absence  de  strychnine,  drogue 
connuc  pour  bloqucr  i'activitc  des  fibres  effer* 
entes. 

Dans  une  premitre  serie  d’expcrienccs, 
nous  avons  pu  montrer  qu’une  sur-stimulation 
sonore  provoquait  une  reduction  du  potent  icl 
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(Taction  composite  (PAC)  ct  du  potcnticl  dc 
sommation  plus  importante  unc  deinie  octave 
au-dcssus  dc  la  frequence  du  son  traumatique, 
et  peu  dc  changeraent  du  potcnticl  micropho- 
nique.  Unc  perfusion  mtracochleairc  de 
strjehnine  potcntialisait  les  degats  occa- 
sionnes  par  unc  mcme  sur-stimulation  sonore. 
Ce  resultat  montre  qu'une  boucle  de  retroac¬ 
tion  cochl6aire  est  activee  pendant  une  sur- 
stimulation  sonore  ct  qu'elle  est  bloquee  par 
unc  perfusion  intracochlcaire  dc  strjehnine. 

Dans  unc  scconde  scrie  d 'experiences,  1c 
traumausme  sonore  etait  induit  par  dcs  bouf- 
fees  tonalcs  (8  kHz,  0.4  ms  dc  front  dc  men- 
tee/dcsccntc,  10  ms  dc  durcc),  a  unc  cadence 
dc  17  coups  par  scconde  durant  une  minute 
ou  dc  1  coup  par  scconde  durant  17  minutes. 
Les  degats  Ics  plus  impo Hants  etaient  obtenus 
pour  une  cadence  dc  stimulation  1  coup  par 
scconde.  Lc  mcmc  resultat  etait  obtenu  chez 
dcs  animaux  curariscs,  cxcluant  done  la  misc 
en  jeu  du  reflexe  stapedicn.  Par  contre,  unc  in¬ 
jection  intrapcritonealc  dc  strychnine  (2  mg' 
kg)  administrcc  10  mn  avant  Tcxpericncc  en- 
trainait  unc  potent ialisation  dc  l’cffct  trauma¬ 
tique  dc  {'exposition  a  unc  cadence  dc  17 
coups  par  scconde  durant  unc  minute.  Ccs  re* 
sultats  sont  en  accord  a\cc  la  premiere  scric 
d’cxpcricnccs  suggerant  que  les  fibres  du  sys¬ 
tem  e  efferent  median  pourraient  jouer  un  role 
protcctcur  contre  les  sur-stimulations  sonorcs. 
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CHAPTER  37 


Does  Olivocochlear  Feedback 
Protect  the  Cat’s  Inner  Ear 
from  Acoustic  Injury? 

,\1.  CHARLES  LIBERMAN 


In  recent  years,  a  number  of  published  stud¬ 
ies  from  one  laboratory  have  suggested  a  pro¬ 
tective  role  for  the  olivocochlear  efferent  sys¬ 
tem  (Rajan,  1988a, b;  Rajan  and  Johnstone, 
1988a,  b;  sec  Chapter  38).  In  these  experi¬ 
ments,  the  effects  of  acoustic  overstimulation 
in  guinea  pigs  are  compared  with  and  without 
activation  of  the  olivocochlear  bundle  (OCB), 
It  is  reported  that,  when  groups  of  animals  arc 
exposed  to  a  10  kHz  tone  for  I  minute  at  in¬ 
tensities  of  roughly  100  dB  SPL,  animals  in 
which  the  OCB  is  electrically  stimulated  dur¬ 
ing  the  exposure  show  significantly  less 
threshold  shift  than  anfmals  exposed  without 
electric  stimulation.  The  protective  effects  of 
this  electric  stimulation  disappear  when  ani¬ 
mals  are  treated  with  systemic  strychnine,  a 
known  blocker  of  efferent  function  (Dcsmcdt 
and  Monaco,  1961).  It  has  been  suggested  that 
this  protective  effect  is  mediated  via  the  so- 
called  medial  olivocochlear  (MOC)  system, 
i  c.,  the  OC  projection  to  the  outer  hair  cells 
(Cody  and  Johnstone,  1982;  Rajan,  1988a;  Ra¬ 
jan  and  Johnstone,  1988a). 

Although  a  protective  effect  is  unequivo¬ 
cally  demonstrated  in  the  guinea  pig  studies, 
ambiguities  remain  as  to  the  mechanisms  un¬ 
derlying  the  effect.  The  electric  stimulation 
applied  in  these  studies,  cither  at  the  floor  of 
the  fourth  ventricle  or  at  the  round  window, 
could  be  activating  other  feedback  pathways 
to  the  inner  ear,  such  as  the  middle-ear  mus¬ 
cle  reflex  or  autonomic  fiber  systems,  or,  alter¬ 
natively,  could  be  changing  systemic  variables 
such  as  blood  pressure  or  temperature,  which 
might,  in  turn,  affect  the  vulnerability  of  the 
ear  to  acoustic  overstimulation.  The  wide¬ 
spread  central  and  peripheral  effects  of  strych¬ 
nine  (Franz,  1985)  make  the  systemic  injec¬ 


tion  of  this  drug  a  nonspecific  test  for  olivoco¬ 
chlear  involvement. 

The  present  series  of  experiments  was  de¬ 
signed  to  probe  the  underlying  basis  for  the 
protective  effects  reported.  The  major  differ¬ 
ences  in  experimental  design  were  that  (1) 
cats  were  used  rather  than  guinea  pigs,  (2)  the 
middle-car  muscles  were  cut  bilaterally,  (3) 
the  olivocochleai  bundle  was  sectioned  surgi¬ 
cally  to  one  car  only;  and  (-1)  both  cats  of 
each  animal  were  simultaneously  exposed  to 
high  intensity  tones  The  resultant  database  in¬ 
cludes  measurements  of  threshold  shifts  from 
a  control  (efferents  intact)  and  an  experimen¬ 
tal  (efferents  cut)  car  from  each  animal.  The 
simultaneity  of  the  bmautal  exposures  ensures 
that  all  systemic  variables  are  matched,  and 
that,  to  the  maximum  extent  possible,  the 
only  difference  between  the  two  ears  is  the 
status  of  the  OCB. 

Methods 

Young  adult  cats  weighing  between  1,5 
and  2.5  kg  were  anesthetized  with  diallyl  bar¬ 
biturate  in  urethane.  Both  ear  canals  were  sev¬ 
ered  close  to  the  tympanic  rings  to  allow  for 
insertion  of  closed,  Calibrated  acoustic  sys¬ 
tems  (Kiang  et  al,  1965).  The  bulla  cavities 
were  opened  bilaterally  and  bony  septa  re¬ 
moved.  Once  a  clear  view  of  the  middle  ear 
was  achieved,  the  tendon  of  the  stapedius 
muscle  was  cut  with  electrocautery,  and  the 
attachment  of  the  tensor  tympani  muscle  was 
c:t  with  iris  scissors.  The  skin,  muscles,  and 
bone  overlying  the  cerebellum  were  removed, 
and  the  cerebellum  over  the  fourth  ventricle 
was  removed  by  aspiration  Tie  OCB  was 
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Figure  37-1  Schematic  of  a  transverse  section  through  the  cat’s  brain  stem  illustrating  the  ceils  of  origin  of  the 
olivocochlear  bundle  (OCB)  and  the  brain  stem  course  of  their  cochlear  projections.  Efferent  cell  bodies  are  found 
near  the  medial  superior  olive  (MSO)  and  the  lateral  superior  olive  (ISO)  Their  axons  coalesce  near  the  floor  of 
the  fourth  ventricle  and  exit  the  brain  stem  with  the  vestibular  nerve  (VNX  Anally  crossing  to  the  auditory  nerve 
(AN)  within  the  Internal  auditory  meatus.  The  OCB  also  sends  projections  to  the  cochlear  nucleus  (GN).  The  post 
tion  of  the  knife  cut  used  to  unilaterally  dc  efferent  each  animal  is  illustrated,  as  is  the  midline  position  at  which  the 
OCB  was  electrically  stimulated  In  certain  experiments. 


transected  with  a  small  knife  cut  positioned  at 
the  lateral  margin  of  the  brain-stem  surface 
(Fig  37.1). 

The  auditory-function  test  used  in  these 
studies  was  the  "threshold*  for  compound  ac¬ 
tion  potentials  (CAPs)  recorded  at  the  round 
window  to  4-ms  tone  pips  at  a  number  of  test 
frequencies  A  computerized  procedure  auto¬ 
matically  determined  the  sound  pressure  re¬ 
quired,  at  each  test  tone  frequency,  to  pro¬ 
duce  a  pcak-to-peak  CAP  of  10  microvolts 
(minimum  step  size  of  1  dB).  Testing  pro¬ 
ceeded  from  high  to  low  frequencies,  alternat¬ 
ing  between  the  two  cars  at  each  frequency. 

The  completeness  of  the  knife  cuts  in 
transecting  the  entire  OCB  was  assessed  by 
one  of  two  functional  tests.  In  some  animals,  a 
“contrasound  suppression”  lest  was  used.  In 
the  cat,  it  has  been  shown  that  the  addition  of 
moderate-level  noise  to  the  contralateral  ear 
raises  the  thresholds  for  test  tones  presented 
ipsilaterally,  as  measured  cither  in  the  re¬ 
sponses  of  single  auditory-nerve  fibers  or  in 
the  CAP  (Liberman,  1989,  Warren  and  Liber* 
man,  1989).  This  contrasound  suppression  of 
the  CAP  disappears  completely  after  section¬ 
ing  the  OCB,  Thus,  after  placing  the  knife  ait, 
it  could  be  shown  that  the  control  ear  (oppo¬ 
site  the  lesion)  could  still  be  suppressed  by 
contralateral  sound,  whereas  the  experimental 
ear  (same  side  as  the  lesion)  could  not.  In 
other  animals,  the  OCB  was  electrically  stimu¬ 
lated  at  the  floor  of  the  fourth  ventricle.  After 


a  successful  unilateral  dc-effercntatlon,  OCB 
shocks  delivered  at  the  brain  stem  midline 
(Fig  37»1)  elevated  CAP  thresholds  to  the 
control  ear  by  as  much  as  20  dB,  while  having 
no  measurable  effect  on  CAP  thresholds  to  the 
lesioned  side. 

After  the  functional  tests  demonstrated 
that  unilateral  dc-cffcrentation  had  been 
achieved,  the  baseline  CAP  thresholds  were 
measured  at  least  three  times  at  each  test  fre¬ 
quency,  and  the  average  pre-exposure  thresh¬ 
olds  were  determined.  The  two  ears  were 
then  exposed  simultaneously  to  the  same  tone 
at  the  same  intensity  for  the  same  duration 
During  the  exposure,  the  sound  pressure  at 
each  car  was  monitored  and  adjusted,  if  neces¬ 
sary  (in  0.25-dB  steps),  to  maintain  the  de¬ 
sired  value.  In  some  experiments,  the  OCB 
was  shocked  (at  333  per  second)  during  the 
acoustic  overexposure.  Immediately  after  the 
exposure,  CAP  threshold  testing  was  resumed 
and  continued  without  interruption  for  the 
next  1  to  2  hours. 

Results 

Sound-Evoked  Efferent 
Activity 

It  Is  well  known  that  single  fibers  of  the 
OCB  respond  to  sound,  even  in  anesthetized 
animals  (Liberman,  1988)  If  shock-evoked 
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OCB  activity  can  protect  the  ear,  sound- 
evoked  activity  should  have  an  effect  as  well. 
In  the  first  series  of  experiments,  this  hypoth¬ 
esis  was  tested  by  comparing  the  threshold 
shift  caused  by  simultaneous  binaural  overex¬ 
posure  when  one  ear  is  de-efferented,  without 
electric  stimulation  of  the  OCB  to  either  car. 

The  choice  of  exposure  frequency  was 
dictated  by  the  desire  to  stimulate  the  co¬ 
chlear  region  most  richly  endowed  with  effer¬ 
ent  innervation.  Recent  anatomic  studies  in 
the  cat  have  shown  that  those  regions  of  the 
basal  turn  tuned  to  frequencies  between  6  and 
10  kHz  have  significantly  more  efferent  termi¬ 
nals  on  the  OHCs  than  other  regions  (Liber¬ 
man  et  al,  1990).  Given  the  half  octave  shift 
between  exposure  frequency  and  the  fre¬ 
quency  of  maximum  damage  commonly  seen 
in  such  experiments,  an  exposure  frequency 
of  6  kHz  was  chosen  (rather  than  the  10  kHz 
used  in  the  guinea  pig  experiments),  The 
choice  of  exposure  intensity  and  duration  was 
dictated  by  the  desire  to  match  the  amount  of 
threshold  shift  to  that  seen  in  the  guinea  pig 
studies,  because  it  has  been  reported  that  the 
size  of  the  protective  effect  is  proportional  to 
the  size  of  the  threshold  shift  in  control  anl- 
mals  (Rajan,  1988b),  Because  the  cat  is,  in 
general,  less  vulnerable  to  acoustic  injury  than 
the  guinea  pig  (see  Chapter  7),  cither  the  In¬ 
tensity  or  the  duration  had  to  be  increased. 
We  chose  to  increase  the  latter  (to  10  min¬ 
utes)  so  as  to  minimize  the  stimulus  distor¬ 
tions  that  occur  at  higher  intensities. 

As  illustrated  in  Figure  37-2A,  the  lack  of 
efferent  feedback  in  nine  unilaterally  de-effer 
ented  animals  had  no  significant  effect  on  the 
average  threshold  shift  from  a  6-kHz  tone  at 
100  dB  for  10  minutes.  Although  the  mean 
threshold  shift  for  the  dc-efferented  cars  was 
slightly  higher  at  several  test  frequencies,  the 
standard  errors  are  very  large,  and  the  differ¬ 
ences  are  not  statistically  significant,  identical 
results  were  obtained  in  another  series  of  ani¬ 
mals  In  which  the  OCB  was  cut  unilaterally  by 
sectioning  the  inferior  vestibular  nerve  in  the 
internal  auditory  meatus  (Liberman.  1990). 

Shock-Evoked  Efferent 
Activity 

Based  on  existing  physiologic  studies  of 
OC  neurons,  it  ts  likely  that  the  ensemble  dis¬ 
charge  rate  in  the  OCB  during  these  binaural 
acoustic  exposures  is  not  as  great  as  could  be 
achieved  with  electric  stimulation  of  the  OCB 
(Liberman  and  Brown,  1986).  Thus,  in  the 
next  series  of  experiments  the  sound-evoked 


activity  was  supplemented  by  a  shock  train 
(333  per  second)  delivered  to  the  OCB  at  the 
floor  of  the  fourth  ventricle.  The  shocks  were 
delivered  simultaneously  with  the  binaural  ex¬ 
posure,  after  each  animal  had  been  unilaterally 
de-efferented.  As  illustrated  in  Figure  37-2 B, 
even  with  this  maximal  activation  of  the  OCB 
to  the  control  ear,  there  was  no  difference  in 
the  mean  threshold  shift  between  control  and 
dc-cfferentcd  cars.  Identical  results  were  ob¬ 
tained  for  this  experimental  paradigm  in  an¬ 
other  group  of  animals  when  the  exposure  fre¬ 
quency  was  moved  to  1.5  kHz  (Fig.  37-2C) 
once  again,  there  is  no  significant  difference  in 
average  threshold  shift  in  control  versus  de-cf- 
ferented  ears. 

Note  that  in  all  the  threshold  shift  data 
(Fig  37-2A-C)  the  standard  errors  of  die 
mean  are  large,  significantly  larger  than  in  Ra- 
Jan’s  studies  (eg,  Rajan,  1988a,  Rajan  and 
Johnstone,  1988a).  These  errors  reflect  the 
great  interanimal  variability  in  the  response  to 
these  exposures.  In  contrast  to  the  large  infers 
animal  variability,  the  torra-anlmal  variability 
was  low,  1  e ,  the  threshold  shifts  in  the  two 
ears  were  always  similar,  even  though  the 
OCB  was  cut  to  one  side  (Liberman,  1990). 

Conclusion 

The  results  of  the  present  stuilj-  suggest 
that,  In  the  cal,  for  the  types  of  acute  expo¬ 
sures  ant)  temporary  threshold  shifts  studied, 
feedback  activity  in  the  OCB  docs  not  play  a 
role  in  protecting  the  car  from  acoustic  injury. 
Thus,  at  the  least,  these  results  limit  the  gener¬ 
ality  of  the  conclusions  reached  by  others 
concerning  the  protective  actions  of  the  OCB 
(sec  Chapter  36). 

Tile  obvious  discrepancies  between  the 
present  results  and  those  of  Rajan  and  co- 
workers  could  arise  in  many  ways.  It  might  be, 
for  example,  that  10-kilz  exposures  (as  stud¬ 
ied  by  Rajan)  arc  different  from  60-  or 
1.5-Ulz  exposures  used  In  the  present  study, 
or  that  10  minute  exposures  (as  used  here)  In¬ 
volve  different  processes  than  those  impaired 
by  1 -minute  exposures  (as  used  by  Rajan)  and 
that  only  the  latter  are  OCR-sensitive.  If  we 
have  learned  anything  about  acoustic  injury  in 
tiie  last  decades,  it  is  lhat  the  reaction  of  the 
inner  ear  to  acoustic  overexposures  involves  a 
host  of  different  degenerative  processes  and 
that,  depending  on  the  exposure  conditions, 
different  subsets  of  these  processes  may  be  in¬ 
volved. 

Another  obvious  hypothesis  to  explain 
the  discrepancies  is  that  cats  are  different 
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Figure  37-2  A,  Comparison  of  average 
threshold  shift  seen  In  experimental  \ersus 
control  cars  of  nine  animals  unilaterally  dc* 
eflfcrcntcd  and  then  blnaurally  exposed  to  a 
6  kHz  tone  at  100  dB  for  10  minutes.  There 
was  no  electric  stimulation  of  the  ollvoco* 
chlear  bundle  (OCB)  in  this  series  of  exper¬ 
iments.  Error  bars  denote  standard  error  of 
the  mean.  B.  Comparison  of  average  thresh¬ 
old  shift  seen  In  six  animals  unilaterally  dc- 
eft'erented  and  then  blnaurally  exposed  to 
the  same  stimulus  as  In  A,  except  that  during 
the  acoustic  oscrcxposurc  the  OCB  was 
shocked  at  333  per  second.  C.  Comparison 
of  aserage  threshold  shift  seen  In  fhe  ani¬ 
mals  unilaterally  dc  cffcrcntcd  and  exposed 
blnaurally  to  a  1.5  kHz  tone  at  95  dB  for  10 
minutes  with  simultaneous  electric  stimula¬ 
tion  of  the  OCB. 


TEST  FREQUENCY  (kHz) 


from  guinea  pigs.  Arguing  against  this  sugges¬ 
tion  is  the  wealth  of  anatomic  and  physiologic 
data  on  the  OC  system  in  these  two  species 
demonstrating  extensive  similarities  in  projec¬ 
tion  patterns  and  response  patterns  (Brown, 
1987,  1989;  Liberman,  1988;  Liberman  and 


Brown,  1986,  Robertson,  1984,  Robertson  and 
Gummer,  1985, 1988)  Indeed,  based  on  exist¬ 
ing  information,  the  effects  in  the  cat  should 
be  greater  than  in  the  guinea  pig,  because  ( 1 ) 
sound  evoked  discharge  rates  are  greater  in 
the  cat  and  (2)  in  the  present  study,  the  con- 
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Hast  in  OCB  activity  levels  was  maximized  by 
de-cfferenting  one  ear,  whereas  the  control 
ears  in  Rajan's  experiments  always  had  an  in¬ 
tact  efferent  system  and  tlius  a  moderate  level 
of  sound-evoked  activity  during  the  expo¬ 
sures.  Titus,  to  attribute  the  discrepant  results 
to  interspecies  differences,  at  present,  one  can 
only  speculate  about  undiscovered  qualitative 
differences,  for  example,  in  the  OCB  transmit¬ 
ters  released  in  the  periphery  or  in  their 
postsynaptic  effects. 

A  third  way  to  view  the  differences  in  the 
two  sets  of  results  is  to  suggest  that  the  pro¬ 
tective  effects  seen  in  the  guinea  pig  studies 
were  due  to  mechanisms  other  than  the  OCB 
In  the  guinea  pig  studies,  the  middle-car  mus¬ 
cles  were  not  cut.  These  muscles  can  easily  be 
stimulated  with  electrodes  in  the  brain  stent 
or  round-window  area,  and  if  stimulated  elec¬ 
trically  can  attenuate  even  at  frequencies  near 
10  kHz  by  as  much  as  10  dB  (Pang  and  Peake, 
1986).  According  to  Rajan's  control  data  (Ra- 
/an,  1988b),  a  stimulus  attenuation  of  only  3 
dh  is  required  to  explain  all  of  the  protective 
effects  of  the  electric  shocks.  Although  die 
guinea  pigs  were  paralyzed  during  the  expo¬ 
sures,  it  Is  hard  to  rule  out  residual  activation 
of  the  muscles  by  the  high-level  electric  stim¬ 
ulation. 

It  is  also  possible  that  the  effects  seen  in 
guinea  pigs  were  due  to  activation  of  Hie  auto- 
nomlc  nervous  system  or  some  as  yet  undis¬ 
covered  feedback  pathway  to  the  Inner  ear.  At 
present,  it  Is  impossible  to  decide  which  of 
the  multitude  of  possible  explanations  is  cor¬ 
rect.  However,  the  issue  is  an  Important  one, 
and  well  worth  future  study.  If  nature  has  de¬ 
signed  a  nay  to  protect  the  inner  car  from 
acoustic  overstimulation,  understanding  how 
that  protection  comes  about  should  teach  us  a 
great  deal  about  the  basic  mechanisms  under¬ 
lying  acoustic  injury. 

Role  du  Faisceau  Efferent 
dans  la  Protection  de 
I’Oreille  Interne  contre 
les  Bruits 

II  a  etc  demontre,  chez  1c  cobayc,  que 
1‘actlvation  du  faisceau  olivocochleaire  (FOC) 
par  une  stimulation  electriquc  ou  sonore  rfi- 
dull  les  pertes  auditives  temporalres  induites 
par  une  surstimulatlon  (Cody  et  Johnstone, 
1982)  le  but  de  la  presente  serie  d'experl- 
ences  cst  d'etudier  1’evcntuel  efiet  protecteur 
du  FOC  chez  le  chat 


Dans  chaquc  experience,  les  fibres  effer- 
entes  etaient  sectionnees  d’un  seul  cote  et  les 
deux  oreilles  etaient  ensuite  exposees  simul- 
tanement  a  un  meme  stimulus  traumatique  (6 
kHz,  100  dB,  10  minutes),  Ce  stimulus  trauma¬ 
tique  est  connu  pour  provoquer  un  maximum 
de  deficit  audiuf  dans  la  region  du  10  kHz,  et 
e'est  prccisemcnt  cette  region  qui  possede  la 
plus  grande  densitc  differences  (Liberman, 
rcsultats  non  publics).  Dans  la  premiere  serie 
d'expfiriences,  le  FOC  ctait  active  par  une 
stimulation  sonore  (stimulation  traumatique 
binatirale),  dans  la  seconde  serie  d'experl 
ences,  Ic  FOC  fitait  active  par  unc  stimulation 
clectriquc  dcllvrfie  durant  le  son  traumatisant. 
Les  deficits  auditifs  etaient  fivalufis  grace  a 
l'enrcgistrcmcnt  sur  la  fenetre  ronde  du  po¬ 
tential  d'actlon  global  cn  reponse  fi  une 
boufffie  tonalc.  Un  algorithme  permettait  de 
faire  varler  l'intensitfi  du  stimulus  jusqu'a  cc 
que  l'amplltude  de  1'onde  N1  atlcignc  10  pV. 
Les  anlmaux  ftalcnt  enesthfeies  it  l'uretlianc  et 
les  tendons  dcs  muscles  de  1'orcillc  moyenne 
filaleni  sectionnes  bilateralcment. 

L'ctat  fonctionncl  du  FOC  fitalt  cstime  par 
deux  mfithodcs:  (1)  L'actlvation  du  FOC  in- 
dultc  par  unc  stimulation  sonore  controlat- 
eralc  Ctait  cstiracc  par  la  mesure  dcs  sculls  au¬ 
ditifs  dans  1'orcillc  Ipsilatfiraic.  Unc  stimulation 
controlatfiralc  d'cnvlron  80  dB  SPL  cntrainalt 
unc  filfivation  dcs  sculls  auditifs  d'cnvlron  4 
ou  8  dB.  Get  effet,  induit  par  unc  stimulation 
controlatfiralc,  disparalssait  complbtcment 
aprbs  section  du  FOC  (Uberman,  1989),  (2) 
I'cfficacitfi  des  chocs  filcctnqucs  induisanl 
1  activation  du  FOC  fitalt  estimee  cn  com- 
parant  ics  sculls  auditifs  avec  et  sans  stimula¬ 
tion  filectrlquc.  Cette  stimulation  ctait  opfircc 
grace  i  I'lmplantatlon  de  deux  electrodes  dans 
la  ligne  mfidlanc  du  plancher  du  dime  vcntrl- 
cule.  Unc  cadence  de  333  chocs  filectnqucs 
par  scconde  augmentait  les  sculls  auditifs  de 
20  dB  dans  la  gamme  des  frequences  moy- 
ennes. 

La  section  des  fibres  efferentes  ctait  op- 
eree  au  scalpel  au  niveau  du  bord  lateral  du 
plancher  du  dime  ventricule.  Cette  section 
cst  connuc  pour  fillmincr  la  majeure  partie 
des  terminaisons  efferentes  cochlcaires.  Les 
tests  fonctionnels  du  FOC  etaient  repetes  afin 
de  demontrer  I'absence  d'effet  du  cote  operc. 
la  section  du  FOC  n'entrainait  jamais 
d'alteration  des  scuds  auditifs, 

Les  26  animaux  ayant  subl  une  section  lat- 
erale  furent  exposes  bilateralcment  h  un  son 
traumatique  de  6  kHz:  chez  16  dentre  eux 
I'activation  du  FOC  etait  evoquee  par  un  son 
contralateral,  chez  10  animaux,  une  stimula¬ 
tion  elecirique  du  FOC  et3it  effcctuec  en  plus 
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de  {’activation  sonore.  Les  deficits  auditifs  tcm- 
poraires  etalent  enrcgistres  durant  les  120 
minutes  consecutives  k  cettc  exposition  so* 
nore.  Trente  minutes  apres  {’exposition  les 
deficits  auditifs  temporaires  sc  situaient  entre 
10  et  50  dB.  II  n’y  avail  aucunc  difference 
statistiquement  significative  entre  les  animaux 
ayant  subl  unc  section  et  les  animaux  con* 
tr61es  que  le  FOC  soit  activ6  acousiiquemcnt 
ou  ilectriqucmcnt,  L’apparente  contradiction 
de  nos  resultats  avec  les  prec6dente$  Etudes 
sera  discutee. 
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CHAPTER  38 


Protective  Functions  of  the  Efferent 
Pathways  to  the  Mammalian 
Cochlea:  A  Review 

RAMESH  RAJAN 


R  ccent  studies  have  provided  strong  evi¬ 
dence  that  the  efferent  pathways  t  the  mam¬ 
malian  cochlea  can  protect  the  cochlea  from 
damage  caused  by  loud  sounds.  Previous  stud¬ 
ies  had  mooted  a  protective  role  for  these 
olivocochlear  pathways  (Filogamo  et  al, 
1967);  these  studies  observed  that  human  sus¬ 
ceptibilities  to  losses  in  threshold  sensitivities 
caused  by  loud  sounds  in  one  ear  could  be 
modified  by  sounds  in  the  other  car.  The  ef¬ 
fects  in  these  studies  were  attributed  to  the 
crossed  olivocochlear  bundle  (COCB)  (Ras¬ 
mussen,  I960),  originating  In  the  brain  stem 
contralateral  to  the  test  car  that  was  presented 
the  loud  sound.  However,  as  noted  by  Ward 
(1965),  these  effects  could  have  been  more 
reliably  attributed  to  the  middle-car  reflex,  es¬ 
pecially  as  most  of  the  crossed  effects  were 
seen  when  using  low-frequency  sounds  that 
can  elicit  the  middle-car  reflex  (Mollcr,  1972), 
either  ipsilaterally  or  contralatcrally.  In  con¬ 
trast  to  the  human  studies,  the  more  recent 
studies  used  anesthetized  animals,  allowing 
confirmation  that  the  observed  protective  ef¬ 
fects  were  attributable  solely  to  the  olivoco¬ 
chlear  pathway's.  This  chapter  reviews  the  sig¬ 
nificant  features  of  some  of  my  own  studies  of 
the  protective  functions  of  the  olivocochlear 
pathways. 

The  basic  experimental  preparation  and 
procedures  in  these  studies  in  barbiturate- 
anesthetized  guinea  pigs  have  been  detailed 
elsewhere  (Rajan,  1988a,  Rajan  and  Johnstone, 
1983a,b)  Cochlear  damage  was  produced  by 
loud  pure-tonc  exposures  presented  at  a  spec¬ 
ified  intensity  for  a  fixed  duration.  The  expo¬ 
sure  frequency  was  always  10  kHz,  within  the 
area  of  greatest  neural  sensitivity  for  the 
guinea  pig  and  producing  significant  damage 


at  the  frequencies  of  greatest  sensitivity.  Dam¬ 
age  to  cochlear  neural  sensitivities  was  moni¬ 
tored  in  the  compound  action  potential  (CAP) 
audiogram  (Dallos  et  al,  1978),  constructed 
from  visual  detection  thresholds  for  the  N1 
component  of  the  CAP  (Johnstone  et  al,  1979) 
and  was  measured  as  temporary  threshold 
shifts  (TTSs)  in  N1  thresholds.  Results  pre¬ 
sented  here  are  almost  always  the  N1  losses 
from  10  to  24  kHz  measured  5  minutes  after 
exposure.  Statistical  significances  arc  based  on 
Student’s  t-tests. 

Involvement  of  the 
Crossed  Olivocochlear 
Bundle  in  the  Protective 
Effects  of  Brain-stem 
Electric  Stimulation 

Basic  Features  of  the 
Protective  Effects 

Electric  stimulation  at  the  floor  of  the 
fourth  ventricle  in  the  brain  stem  exerts  a  va¬ 
riety  of  effects  at  the  cochlea  through  the 
olivocochlear  pathways  (Desmcdt,  1975;  Fex, 
1962;  Galambos,  1956;  Klinke  and  Galley, 
1974;  Weiderhold,  1986).  To  determine  if 
these  pathways  were  protective,  bipolar  elec¬ 
tric  stimulation  at  this  site  was  tested  on  the 
TTS  caused  by  loud  sound  exposures  (Rajan, 
1988a, b).  The  effect  of  brain  stem  electric 
stimulus  (BES)  on  the  TTS  caused  by  a  stan¬ 
dard  monaural  exposure  (at  10  kHz,  103  dB 
SPL  for  I  minute)  is  illustrated  in  Figure 
38*1  A.  In  the  control  group  only  the  standard 
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Figure  38-1  Protective  effect  of  an  ckxtnc  stimulus  delivered  x  the  Coot  of  the  fourth  vrnuxie  a  the  bexa  stem 
(BES>  In  (his  figure,  as  in  ah  figures  in  thH  chapter  except  38.4  and  38  o.  dx.  results  arc  nxxi  threshold  Vjsscs  too 
10  to  24  kHz,  in  2  kHz  steps,  measured  5  mmutcs  alter  the  standard  ipsilatcnl  exposure  (see  text}  In  the  control 
group  on!)  this  exposure  was  presented.  A.  Basic  protective  effects  of  the  BES.  In  the  test  groups,  the  standard 
exposure  (EXP)  was  combuxd  with  a  BES  at  -*00  pA.  wuh  ISO^is  puBes  ddnrred  at  1 40  puHo  pa  second  as  a 
continuous  burst  (the  'standartT  BESX  simultaneous  with  and  lasting  either  the  fiiB  60*econd  duration  of  the  ex 
posure(BES60s  +  EXP)  or  only  the  first  30  seconds  of  the  standard  exposure  (BES  30s  ♦  EXP  %.  B.  E/Ject  of  vroag 
the  rate  of  pubes  in  the  standard  BES  on  protection  from  the  standard  exposure.  Rates  of  SO  per  second.  1*0  pa 
second,  260  per  sccood.  and  400  per  sccood  were  tested  ei  different  groups.  The  BES  mas  ahizys  simultaneous  wiffi 
the  exposure  and  presented  for  the  duration  of  the  exposure.  C  Effect  of  strychnine.  In  the  *BES  ▼  EXF~  test  group, 
the  standard  BBS  was  applied  simultaneously  with  and  for  the  duration  of  the  exposure  with  no  ocher  treatment.  In 
ihe  “STRY  +  40-60  (BES  +  EXP)"  group,  4  mg  per  kJograoi  of  strychnine  was  injected  intnpcntoocalh  40  to  60 
mmutcs  before  the  standard  BES  was  tested  on  the  standard  exposure  In  the  "STRY  ♦  EXP"  group.  10  mg  per 
kilogram  of  strychnine  was  injected  inicapenioocal!)  15  minutes  before  the  exposure  alone.  D.  Effect  of  bexamc- 
thomum  perfoscd  into  scala  tympam.  In  the  HEX  ♦  15  +  (BES  -r  EXP)*  group.  1  |U  of  J.44  mM  hexamethooium 
was  perfused  15  mmutcs  before  testing  the  effect  of  the  standard  BES  simulusrous  with  the  standard  exposure.  In 
the  "HEX  -*•  15'  +  EXP*  group,  the  same  hexsmetbonnun  dose  was  perfused  15  minutes  before  the  exposure  alone. 


monaural  exposure  was  presented.  In  the  test 
group,  the  same  exposure  was  combined  with 
the  BES  (bipolar  1 50-ps  pulses  at  400  pA.  pre¬ 
sented  at  a  rate  of  140  pulses  per  second  as  a 
continuous  burst)  presented  simultaneously 
with  and  for  the  I -minute  duration  of  the  ex¬ 
posure.  Threshold  looses  from  10  to  24  UIz  in 
the  test  group  we. »  significantly  lower  (p  less 
than  005)  than  control  group  losses  at  the 
corresponding  frequencies.  In  a  second  test 
group,  the  same  BES  was  presented  for  only  the 
first  30  seconds  of  the  I -minute  exposure.  The 
TTS  in  this  group  was  reduced  (Fig.  38-1A), 
but  only  by  about  half  the  redaction  in  the 
previous  test  group  Threshold  losses  in  the 
second  test  group  were  significantly  higher  (p 
less  than  005)  than  losses  in  the  first  test 


group,  but  significantly  lower  (p  less  than 
0.05)  than  control  group  losses. 

The  dependence  of  the  protects  e  effects 
on  the  rate  of  stimulation  was  investigated  in 
groups  in  which  rates  of  50.  260.  or  400 
pulses  per  second  were  used  All  other  elec¬ 
tric  parameters  were  kept  constant,  and  the 
continuous  BES  bur>t  was  prerented  simulta¬ 
neously  with  and  for  the  duration  of  the  stan¬ 
dard  monaural  exposure.  In  general,  increas¬ 
ing  stimulus  rates  resulted  in  greater  reduc¬ 
tions  in  the  maximum  TTS  (Fig.  38-1B)  With 
a  rate  of  50  pulses  per  second,  some  TTS  re¬ 
ductions  were  obtainvd,  but  only  from  1 2  to 
18  UIz,  and  they  were  not  as  large  as  with 
stimulation  at  140  pulses  per  second.  With  a 
rate  of  260  pulses  per  second,  TTS  reductions 
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feta  10  to  24  Itowts^cltpcstriJaa 
«^3i  140  pcto  per  3-cccod.  bet  not  segaSS- 
asdt  so  (p  prater  tha  OLIO).  taA;  the 
hr^wi  rate  erf  400  pete  per  secood  co- 
hzneed  dx;  rnixiio»  a  14  kHz.  the  fee- 
qaetxy  erf  potest  lew,  bet  <5d  not  produce 
more  widespread  TI5  rcdocrioos  cocyarcd  to 
«acteioa  u  260  pebes  per  second. 

la  tocr  cxpcrisaeces,  tbc  staadgi d  coat*> 
do»  BES  one  with  bepobr  150|xs  pete 
a  400  pA  2ppficd  A  140  pubes  per  second  2$ 
a  coauiKXtf  ber<i  Ux  I  vazxac. 

Ihc  BE  cocld  aciktie  three  zadaoer  ef¬ 
ferent  petbn^ — tie  facial  nerve  oococ  caits 
to  the  sz2ptxsk&  nxedc.  the  ooatksscd  OCB 
(L'OCB).  znd  tbc  COCB.  Activaing  tbc  facial 
nent  produces  cootractiocs  of  tbc  stapedius 
that  could  reduce  tbc  efficiency  of  ossicular 
transmission  (Irvine  and  Wester.  1974;  Matter. 
1972)  znd  reduce  tbc  (damaging)  input. 
Three  factors  exclude  tbc  stapedius  muscle: 
(  i  }  effective  curarizzxioa  to  block  the  middle- 
ear  musdes  (Desmedt  cl  al.  1971;  Fex,  1962; 
Galambos.  1956;  KHnke  and  Galley.  19^4)  wws 
obtained  before  testing  the  BE5  cn  TTS  (Rajan. 
1988a y.  (2)  the  exposure  frequency  was  out¬ 
side  the  range  affected  by  contractions  of  the 
musdes  in  the  guinea  pig  (Moikr.  1972;  Nut- 
tal,  1974 k  and  (3) drugs  that  blocked  the  clas¬ 
sic  effects  of  the  olivocochlear  pathways  also 
blocked  the  temporary  threshold  shift  reduc¬ 
tions.  as  detailed  below. 

Effect  of  Intraperitonea! 
Administration  of  Strychnine 

Strv  chnine,  the  classic  olivocochlear  an¬ 
tagonist  (Desmedt  and  Monaco.  1962),  was  in¬ 
fected  inirapcritoneally  in  three  test  groups. 
Ti>c  drugs  action  was  always  monitored  with 
regard  to  the  classic  efferent  effects  on  the 
amplitude  of  the  NI  to  tone  bursts,  clicks,  or 
both.  The  efferents  were  stimulated  from  the 
fourth  ventricle  by  pulsed,  gated,  short  dee- 
trie  trains  (Rajan,  1988a). 

In  the  fast  test  group,  injection  of  strych¬ 
nine  (4  mg  per  kilogram)  totally  blocked, 
within  40  to  60  minutes,  the  olivocochlear 
pathway- mediated  reductions  in  tone  burst/ 
dick  NI  amplitudes  caused  by  the  pulsed 
eicunc  trains,  without  affecting  Nl  thresholds 
from  6  co  24  kllz  or  Nl  intensity  functions  to 
ton?  hursts  or  clicks.  Then,  when  the  standard 
loud  sound  exposure  (10  kHz,  103  dB  SPL  for 
1  minute)  was  presented  simultaneous!}  with 
the  standard  continuous  BES  burst,  no  TTS  re¬ 
ductions  occurred.  Except  at  10  kHz,  thresh¬ 
old  losses  in  this  group  (Fig,  38-1C)  were  not 


iegps£cjoeSt  (fflrcat  feta  control  group 
lasses  (p  pratr  than  (UOt  be*  were  sigrtff 
asdr  hEgber  (p  less  than  0j05)  tha  the  TTS 
ia  the  oc^sd  tetgroopinththcsgaesaa- 
(S2rdBES.fr  fuidxxa sLTdaarprtirtgaeaL 

The  spcriScitr  erf  the  strrcfaaaae  Mode  00 
the  cgercot  pathways  graphed  «a  tbc  TI5  pro¬ 
tection  was  coaSracd  by  the  drug  oa 

raoexead  TTS  alone.  Scrycfeaiae.  injected  ax  a 
modi  higher  dose  (ID  mg  per  kilogram)  15 
rasaetts  price  to  the  aoded  exposure  alone. 
did  not  zScet  bean  rates.  Nl  thresholds,  iatco- 
5inrfcaqioc$.or — just  as  significantly — moo- 
2uralTT5(fig.  3S-1C). Threshold from 
10  to  24  kHz  in  this  strydraac-creafcd  cootrol 
groap  were  col  significantly  different  (p 
greater  than  0.10)  from  lasses  in  the  standard 
control  group  presented  tbc  same  exposure 
without  am*  strychnine  pretr cximcnt  (fig  38- 
I CX 

In  two  other  test  groups,  the  strychnine 
block  of  the  protective  effects  of  the  BES  was 
more  dosch*  allied  to  tbc  drug’s  blocking  ac 
tion  on  the  Nl  amplitude  reductions  pro¬ 
duced  by  pulsed,  gated,  short  electric  trains  at 
the  floor  of  tbc  fourth  vcntridc.  The  results 
arc  briefly  described  here;  but  arc  not  illus- 
traxed  (see  Rajan.  1988a  for  details X 

In  the  first  group,  only  15  minutes  elapsed 
between  inuaperiioneal  injection  of  strych¬ 
nine  (4  mg  per  kilogram  )  and  testing  of  the  ef¬ 
fects  of  the  standard  BE  on  the  standard  mon¬ 
aural  exposure.  In  this  interval  stnchninc  had 
no  significant  effects  on  the  NI  amplitude  re¬ 
ductions  produced  by  pulsed  trains  at  the 
floor  of  the  fourth  ventricle.  Now,  presenting 
the  standard  continuous  BE  simultaneously 
with  and  for  the  duration  of  the  exposure  re¬ 
sulted  in  TTS  reductions.  Threshold  losses  in 
this  group  were  significantly  lower  (p  less 
than  005)  than  those  in  the  control  group 
(monaurai  exposure  alone),  but  were  compa¬ 
rable  to  the  reduced  TTS  in  the  orignal  test 
group  with  the  same  conditions  of  exposure 
and  electric  stimulation  but  no  strychnine. 

In  the  second  group,  strychnine  at  2  mg 
per  kilogram  blocked,  over  about  an  hour,  the 
Nl  amplitude  reductions  caused  by  pulsed 
trains  in  the  brain  s'  m,  again  without  affect¬ 
ing  NI  thresholds  or  intensity  functions.  This 
block  reversed  over  the  course  of  another 
hour,  and  pulsed  trains  once  again  reduced  NI 
amplitudes.  Then  the  standard  continuous  BE 
was  presented  simultaneous!)  with  the  stan¬ 
dard  exposure.  TTS  reductions  were  again  ob¬ 
tained  and  threshold  losses  were  significant!) 
lower  (p  less  than  0  05)  than  those  in  the  con¬ 
trol  group  or  in  the  first  strychnine-treated 
test  group  in  which  the  continuous  BES  was 


432 


KOC£  OF7HE  AXXX5T1C  ESVBEOXMEVT 


tested  oex  ITS  when  sixydrsne  had  blocked 
tbc  cochlear  eflfcctt  of  ibe  pulsed  tasts. 

Effect  of  Intracochlear 
Perfusion  of  Hexamethonium 

Testing  was  also  dooe  with  miracocfakar 
perfosion  of  fxxracthonsaoj.  because  this  ef¬ 
fectively  blocks  the  classic  efferent  effects  on 
N1  amplitudes  elicited  by  pulsed  dcctric 
trains  at  the  fourth  venuide  (Galley  ct  al. 
1973:  Bobbin  23d  Koorshi.  1974 >  The  2dion 
of  bexaroetbonmra  was  always  monitored 
with  regard  to  the  classic  effects. 

Perfusion  of  1  pi,  of  3-44  mM  hexmsetho- 
niuni  into  sola  tympana  blocked,  within  about 
15  minutes,  the  N1  amplitude  reductions  elic¬ 
ited  br  pulsed  trains  2t  the  floor  of  the  fourth 
ventricle,  without  affecting  M  thresholds  and 
amplitudes  (Rajan.  1990a).  Then  the  standard 
monaural  sound  was  presented  simultaneously 
with  the  standard  continuous  BES,  The  results 
for  this  group  arc  illustrated  in  figure  38-ID 
with  the  results  for  the  control  g-cup  and  for 
the  test  group  with  the  same  exposure  and 
BES  conditions  but  without  hexamethonium 
pretreatmenL  Threshold  losses  from  10  to  24 
kHz  in  the  hexameihonium  trcated  test  group 
w  ere  similar  (/>  greater  than  0.10)  to  losses  in 
the  control  group,  but  were  significantly 
...ghcr  than  losses  in  the  untreated  test  group 
(p  less  than  0.05). 

As  a  control,  hexamethonium  was  tested 
on  TT5  alone  As  before  intracochlear  perfu¬ 
sion  of  1  pi  of  3.44  mM  hexamethonium  had 
no  deleterious  effects  on  the  NT  audiogram  or 
intensity  functions  (Rajan.  1990a)  As  impor¬ 
tantly,  15  minutes  later,  the  drug  had  not  al¬ 
tered  the  normal  susceptibilities  of  the  co¬ 
chlea  to  the  standard  monaural  loud  sound  cx- 
posure  (fig.  38-ID)  threshold  losses  from  10 
to  24  Ufz  5  minutes  after  exposure  were,  sim¬ 
ilar  (p  greater  than  0.10)  to  those  in  the  stan¬ 
dard  control  group  presented  only  during  the 
exposure. 

Thus,  the  protective  effects  arc  mediated 
by  pathways  terminating  within  the  cochlea, 
Tbc  blocking  action  of  both  drugs  on  the  pro¬ 
tective  effects  of  the  continuous  BES  paral¬ 
leled  their  blocking  action  on  olnocochlcar- 
mediated  N1  effects  of  pulsed,  gated,  short 
electric  trains  at  the  floor  of  the  fourth  ventri¬ 
cle,  With  strychnine,  for  which  more  com¬ 
plete  testing  was  done,  it  was  found  that  if  the 
drugV  block  of  the  classic  olivocochlear  ef¬ 
fects  had  not  jet  occurred,  then  the  protec¬ 
tive  effects  of  the  standard  continuous  BES 
were  also  not  blocked.  When  the  drug’s  block¬ 


ing  action  on  the  classic  effects  was  allowed  to 
reverse,  procectioo  was  again  obtained  with 
(be  continuous  BES. 

These  result*  do  not  differentiate  between 
tbc  COCB  2nd  tbc  L'OCB  pathways.  However, 
there  arc  nrznr  reasons  for  attributing  the  re¬ 
ductions  to  the  COCB  (see  Rapn.  1988a). 
principally  related  to  electrode  location  in  tbc 
msdHne  of  tbc  brain  stem  2nd  the  extent  of 
current  spread.  It  is  unlikely  that,  at  the  level 
used  here,  there  was  any  significant  current 
spread  to  the  L'OCB  fibers.  Concordant  with 
this  is  tbc  fact  that  strychnine  acted  in  parallel 
on  tbc  TI5  reductions  and  the  large  NT  ampli¬ 
tude  reductions  associated  with  COCB.  not 
L'OCB.  stimulation  with  pulsed  trains  (Dcs- 
roedt,  1975;  Fcx.  1967;  KJinkc  and  Galley. 
1974;  Sohmer.  1906)  finally,  a  lesion  {Maced 
at  tbc  floor  of  the  fourth  ventricle  to  disrupt 
the  COCB  (see  below)  with  possibly  only 
marginal  effects  on  the  IOCB.  prevented  the 
BES  from  reducing  ITS. 

Memory  Component  of 
the  Protective  Effects  of 
the  BES 

Time  Course  of  the 
Protective  Effects 

To  study  the  time  course  of  the  protec¬ 
tive  effects,  the  standard  BES  was  presented  by 
itself  for  1  minute;  presentation  of  the  stan¬ 
dard  exposure  alone  was  dclajed  either  5  or 
10  miiMtcs.  The  results  from  these  groups  arc 
compared  in  figure  38-2A  with  the  results 
from  the  earlier  test  group  in  which  the  same 
standard  BES  was  presented  simultaneously 
with  the  standard  exposure.  The  BES  was  most 
effective  in  reducing  TIB  when  it  was  simulta¬ 
neous  with  the  exposure,  and  was  less  effec¬ 
tive  with  increasing  delay.  When  the  BES  pre¬ 
ceded  the  exposure  by  5  minutes,  the  TIB  re¬ 
ductions  were  not  as  large  as  when  the  BES 
was  simultaneous  with  the  exposure.  Losses 
from  12  to  24  kHz  in  the  group  delajed  5 
minutes  were  still  significantly  lower  (p  less 
than  005)  than  control  group  losses;  how'- 
cver,  losses  from  12  to  16  kHz  were  signifi¬ 
cantly  higher  than  those  in  the  no-delay  test 
group.  When  the  BES  preceded  the  exposure 
by  10  minutes,  no  TIB  reductions  were  ob¬ 
tained  and,  except  for  20  kHz,  losses  from  10 
to  2i  kHz  were  not  different  (p  greater  than 
010)  from  control  group  losses.  Compared  to 
the  intermediate-delay  group,  the  long-delay 
group  had  significantly  higher  losses  (p  less 
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Figure  38-2  Time  course  of  the  brainstem  dectnc  stimulus  (BES)  protective  effects.  A.  In  the  control  group  (the 
same  as  in  fig.  3&1  X  only  the  standard  exposure  (EXP)  was  presented.  In  the  test  groups  the  standard  BES  was 
presented  either  simultaneous!)  with  the  exposure  or  b>  itself  5  or  10  minutes  before  the  standard  exposure  alonc. 
B,  Test  of  the  hjpochesrs  of  persistent  central  effects  of  the  BES  in  the  dda>  experiments.  In  the  new  test  group 
(BES  t  COCB  LESION  *  EXPX  the  standard  BES  was  presented  b)  itself  Then  the  crossed  olivocochlear  bundle 
(COCB)  fibers  were  lesioncd  with  the  stimulating  electrodes.  Finally,  the  exposure  was  presented  b)  itself  2  mm 
utes  after  the  BES.  The  results  are  compared  to  the  results  from  the  control  group,  from  the  test  group  in  which  the 
same  BES  and  exposure  were  simultaneous  (BES  t  EXPX  and  from  the  test  group  in  which  the  BES  preceded  .he 
exposife  by  5  minutes  (BES  +  5'  +  EXPX  C,  Effect  of  COCB  lesions  on  temporary  threshold  shift  (TTSX  In  the 
“COCB  LESION  +  EXP"  group,  the  COCB  fibers  were  lesioncd  at  the  Boor  of  the  fourth  ventricle  before  the  stan¬ 
dard  exposure 


than  0.05)  at  all  frequencies  from  12  to  24 
kHz,  except  22  kHz, 

Central  and  Peripheral  Sites 
of  Action  of  the  BES  in  the 
Delay  Experiments 

In  the  two  test  groups  with  delays  be* 
tween  the  BES  and  the  exposure,  a  number  of 
cochlear  responses  were  remeasured  within 
the  first  2  to  3  minutes  following  the  BES, 
commencing  10  to  15  seconds  after  the  end  of 
the  BES  (Rajan,  1988a).  None  of  these  re¬ 
sponses  were  altered  from  initial  values.  Thus, 
the  BES  had  no  apparent  persistent  cochlear 
efforts,  yet,  with  a  5 -minute  delay  between  the 
BES  and  the  exposure,  ITS  reductions  still  oc¬ 
curred.  A  working  hypothesis  for  this  result 
was  that,  in  the  delay  experiments,  the  long- 
lasting  BES  effects  occurred  not  at  the  co¬ 


chlea,  but  centrally.  Because  the  BES  was  ap¬ 
plied  to  the  COCB  fibers  along  their  length,  it 
could  stimulate  the  fibers  both  orthodromi- 
cally  and  antidromically.  The  antidromic  stim¬ 
ulus  may  have  had  a  persistent  effect  at  some 
central  location,  facilitating  its  activation  by 
the  subsequent  exposure  and  producing  re¬ 
ductions  in  TTS  through  COCB  action  at  the 
cochlea. 

This  hypothesis  was  tested  in  a  new  test 
group  in  which  the  standard  continuous  BES 
alone  was  presented  for  1  minute.  The  COCB 
fibers  were  then  lesioncd  by  moving  the  elec¬ 
trodes  a  number  of  times  only  in  the  dorso- 
vcntral  plane.  After  removing  the  electrodes, 
N1  thresholds  from  10  to  20  kHz  were  quickly 
rcchccked,  but  w'crc  never  altered  from  initial 
values.  Two  minutes  after  the  end  of  the  BES, 
the  standard  loud  sound  exposure  was  pre¬ 
sented.  No  ITS  reductions  occurred  in  this  le¬ 
sion  group  (fig.  38-28),  and  losses  were  not 
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Significantly  different  (p  greater  than  O.IO) 
from  those  in  the  control  group,  but  were  sig¬ 
nificantly  higher  (p  less  than  0.05)  than  those 
in  nonlesicncd  test  groups  in  which  the  BES 
was  either  simultaneous  with  the  exposure  or 
presented  5  minutes  before  the  exposure. 

This  result  confirms  the  above  hypothesis 
that  the  delayed  BES  effects  were  due  to  per¬ 
sistent  ferihtatory  effect*  at  a  central  location. 
According  to  the  abo\c  scheme,  the  BES 
would  facilitate  the  central  site  that  would 
then  be  activated  by  afferent  input  from  the 
exposure.  However,  subsequent  cochlear  ex¬ 
pression  of  the  protects  c  COCB  cffca  would 
be  pretented  by  the  lesion,  and  the  TTS 
would  be  comparable  to  the  TTS  in  control 
animals  subjected  to  the  exposure  alone — ex¬ 
actly  as  seen  here. 

As  a  control,  the  cffca  of  the  lesion  was 
tested  on  the  standard  exposure  alone  in  an¬ 
other  group.  The  COCB  was  located  and  Ic- 
sioned  as  detailed  above.  N1  audiograms  and 
intensity  functions  rechccked  after  the  lesion 
were  unaltered.  Then  the  standard  loud  sound 
was  presented  by  itself.  The  threshold  losses 
from  10  to  24  kHz  (Fig.  38-2 C)  were  not  sig¬ 
nificantly  different  (p  greater  than  0.10)  from 
losses  at  the  corresponding  frequencies  in  the 
original  control  group,  which  were  presented 
only  with  the  standard  exposure  with  no 
brain-stem  lesions. 

Postmortem  histology  confirmed  that  the 
lesions  were  always  placed  between  the  facial 
genua,  the  area  of  decussation  of  the  COCB, 
and  extended  rost rally  at  least  to  the  lateral 
lemnisci  and  caudally  to  the  nucleus  of  cranial 
nerve  VII.  The  efferent  cell  bodies  in  the 
guinea  pig  arc  located  well  within  this  area 
(Aschoff  and  Ostwald,  1988;  Robertson  ct  al, 
1987;  Stiutz  and  Biclcnbcrg.  198-f),  and  simi¬ 
lar  lesions  in  guinea  pigs  arc  known  to  inter¬ 
rupt  most  if  not  all  of  the  COCB  and  perhaps 
e\en  some  of  the  UOCB  (Kimura  and  Wersall, 
1962;  Tcrayama  and  Yamamoto,  1971;  Wright 
and  Preston,  1973).  Some  of  our  restricted  le¬ 
sions  would  have  interrupted  only  the  COCB, 
in  fact,  depending  on  the  exact  coursing  of  the 
fibers,  a  few  COCB  fibers  may  c\cn  have  been 
spared. 

Almost  all  the  features  of  COCB  mediated 
protection  obtained  by  the  brain-stem  stimu¬ 
lus  have  been  duplicated  by  similar  electric 
stimuli  applied  at  the  round  window  (Rajan 
and  Johnstone,  1988b,c).  Pulsed,  gated,  short 
electric  trains  at  the  latter  site  also  activate 
the  efferent  pathways  (Rajan  and  Johnstone, 
1983c)  and  can  produce  NI  amplitude  reduc¬ 
tions  similar  to  those  produced  by  pulsed 
trains  in  the  brain  stem.  As  with  the  brain 


stem  site,  intrapcritoncal  injection  of  strych¬ 
nine  blocks  both  these  effects  and  the  protec¬ 
tive  effects  of  a  continuous  clearic  burst  (Ra¬ 
jan  and  Johnstone;  1983c.  1988b).  with  dose 
congruence  between  the  strychnine  blocking 
actions  on  the  Nl  effects  of  pulsed  trains  and 
on  the  TTS  reduaions  of  the  continuous  stim¬ 
ulus.  There  is  also  dose  similarity'  between  the 
TTS  reduaions  with  the  round  window  stimu¬ 
lus  and  the  BES  (Rajan,  1988aT>;  Rajan  and 
Johnstone,  1988b,c). 

Crossed  Cochlear  Effects 
on  TTS 

The  protective  TTS  reduaions  obtained 
with  dearie  stimulation  of  the  COCB  can  be 
duplicated  by  two  manipulations  at  the  co¬ 
chlea  contralateral  to  that  presented  with  the 
loud  sound  (Cody'  and  Johnstone,  1982;  Rajan 
and  Johnstone,  1983a,  1988a,  1989;  Handrock 
and  Zeisberg,  1982):  either  presentation  of  a 
sound  of  the  same  frequency  but  much  lower 
intensity  (contralateral  acoustic  stimulation, 
or  CAS)  or  destruction  of  the  cochlea  (con¬ 
tralateral  cochlear  destruction,  or  CCD).  The 
protective  effects  of  these  manipulations  on 
the  ipsilateral  TTS  produced  by  the  standard 
monaural  exposure  (10  kHz,  103  dB  SPLfor  1 
minute)  are  illustrated  in  Figure  38-3H  (CAS) 
and  38-3 C  (CCD).  In  the  CAS  test  group,  the 
CAS  was  at  10  kHz,  80  dB  SPL,  and  was  piC- 
sented  for  1  minute  simultaneously  with  the 
ipsilateral  exposure.  In  the  CCD  test  ease,  the 
contralateral  cochlea  was  destroyed  2  minutes 
prior  to  the  ipsilateral  exposure.  Threshold 
losses  from  12  to  2  f  kHz  (CAS)-and  from  10 
to  24  kHz  (CCD)  were  significantly  lower  in 
the  test  groups  (/>  less  than  0  05)  than  in  the 
control  group. 

Two  tests  confirmed  that  the  protective 
effects  of  CAS  and  CCD  were  due  to  the 
COCB:  ( 1 )  intrapcntoneal  injection  of'Strych- 
ninc  prior  to  testing  the  effects  of  the  con¬ 
tralateral  manipulations  on  TTS,  and  (2)  le- 
sioning  at  the  floor  of  the  fourth  ventricle.  In 
all  groups,  the  ipsilateral  exposure  was  always 
the  standard  one. 

Intraperitoneal 
Administration  of  Strychnine 

Strychnine  w"as  injected  intrapcrucr.cally 
at  2  mg  per  kilogram  in  tw'o  groups  In  the 
next  15  minutes,  ipsilateral  Nl  thresholds 
from  8  to  24  kHz  and  Nl  intensity  functions 
to  10-kliz  or  M-RIIz  tone  bursts  (or  both),  or 
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Figure  5S-3  Protective  effect  of  contralateral  cochlear  manipulations  on  temporary  threshold  shift  (TTS)  to  the 
standard  ipsilateral  exposure. The  contralateral  manipulations  were  either  a  contralateral  acoustic  stimulus  (CAS)  at 
10  Mr,  80  dB  SPL,  for  1  minute,  or  destruction  of  the  contralateral  cochlea  (CCD)  prior  to  the  ipsilateral  exposure 
A,  Effect  of  CAE  In  the  control  group  (the  same  as  in  Fig.  38.1  X  only  the  standard  ipsilateral  exj>osure  (EXP)  was 
presented.  In  the  test  groups,  this  exposure  was  simultaneous  with  the  CAS.  In  the  "CAS  +  EXP*  group,  there  was 
do  other  treatment.  In  the  *STRY  +  15'  +  (CAS  +  EXP)'  group,  strychnine  (2  mg  per  kilogram)  was  injected  in 
trapcritoncally  15  minutes  before  the  test.  In  the  *COCB  LESION  +  (CAS  +  EXP)'  group,  the  crossed  olivocochlear 
bundle  (COCB)  was  lesioned  at  the  floor  of  the  fourth  sent  ride  before  the  test.  B,  Time  course  of  the  protection  by 
CAS.  The  CAS  was  presented  either  simultaneously  with  the  exposure  (the  same  group  as  In  A),  or  by  itself  5  mm 
utes  or  10  minutes  before  the  Ipsilateral  exposure  alone  C  Effect  of  CCD  The  control  group  was  the  same  as  be¬ 
fore.  The  fest  condition  was  destruction  of  the  contralateral  cochlea  2  minutes  before  the  ipsilateral  exposure.  In 
the  "CCD  +  EXP"  group,  this  was  the  only  test  condition.  In  the  "STRY  +  15'  +  (CCD  4-  EXP)'  group,  strychnine 
(2  mg  per  kilogram)  was  injected  15  minutes  before  the  test  In  the  "COCB  LESION  +  (CCD  +  EXP)’  group,  the 
COCB  was  lesioned  at  the  floor  of  the  fourth  \cntnde  before  the  test.  D,  Time  course  of  protection  by  CCD.  In  the 
test  groups,. the  CCD  was  destroyed  2  minutes  (the  same  group  as  in  C\  10  minutes,  30  minutes,  or  60  minutes 
before  the  exposure 


to  a  click,  or  to  both  the  bursts  and  a  click 
were  monitored  and  were  always  unaltered 
from  initial  values  (Rajan  and  Johnstone, 
1983a,  1989,  unpublished  observations). 

Heart  rates,  monitored  continuously,  were 
also  unaltered.  In  one  group  the  contralateral 
cochlea  was  then  destroyed.  In  the  next  2 
minutes,  ipsilateral  N1  thresholds  were  re- 
checked  and'ibund  to  be  unaltered.  Then  the 
standard  ipsilateral  exposure  was  presented. 
In  the  other  group,  15  minutes  after  the 
strychnine  injection,  the  standard  ipsilateral 
exposure  was  presented  simultaneously  with 
the  CAS  (10  kHz,  80  dB  SPL  for  !  minute) 
The  results  for  these  groups  arc  presented  in 
Figure  38-3A  'CAS)  and  38-3C(CCD)  Slrych 
nine  pretreatment  presented  CAS  and  CCD 
from  having  any  protective  effects  Threshold 


losses  from  10  to  24  kHz  in  both  strychnine- 
treated  test  groups  were  not  significantly  dif¬ 
ferent  (p  greater  than  0. 10)  from  losses  at  cor¬ 
responding  frequencies  in  the  control  group 
As  discussed  earlier,  intrapcntoncai  injec¬ 
tion  of  a  much  higher  dose  of  str>chnmc  did 
not  alter  the  TTS  to  the  standard  monaural  ex¬ 
posure  alone  Thus,  the  blocking  action  of 
strychnine  was  not  due  to  any  nonspecific  ef¬ 
fect  of  the  drug 

Lesioning  at  the  Floor 
of  the  Fourth  Ventricle 

In  two  test  groups,  bipolar  electrodes  lo 
cated  at  the  floor  of  the  fourth  ventricle  were 
used  to  lesion  the  COCB  in  the  manner  dc* 
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scnbcd  above.  The  lesion  did  not  affc«  nor¬ 
mal  ipsilateral  cochlear  responses  (Raj an  and 
Johnstone,  1988c,  1989;  Rajan  ct  aJ,  1990).  In 
one  group,  the  contralateral  cochlea  was  then 
destrojed.  Ipsilateral  N1  audiograms  were  re¬ 
measured  and  never  altered  from  initial  val¬ 
ues.  Then  the  standard  loud  sound  exposure 
was  presented  5  minutes  after  CCD.  In  the 
other  group,  the  postlcsion  test  was  the  simul¬ 
taneous  presentation  of  the  standard  ipsilateral 
exposure  and  the  CAS.  The  threshold  losses 
from  10  to  24  kHz  5  minutes  after  exposure 
for  beth  groups,  presented  in  Figure  38-3A 
(CAS)  and  38-3C(CCD),  show  that  the  COCB 
lesion  prevented  the  protective  effects  of  ci¬ 
ther  CAS  or  CCD.  Losses  in  both  groups  were 
similar  (p  greater  than  0.10)  to  control  group 
losses  at  corresponding  frequencies.  Postmor¬ 
tem  histology  confirmed  that  the  lesions  were 
always  placed  about  the  decussation  of  the 
COCB  fibers  between  the  facial  genua  (Rajan 
and  Johnstone,  1988a,  1989). 

Time  Course  of  the  Effects 
of  Contralateral  Cochlear 
Manipulations 

The  time  course  of  the  protective  effects 
of  CAS  or  CCD  was  examined  in  groups  in 
which  cither  manipulation  alone  was  carried 
out  some  time  before  the  standard  ipsilateral 
exposure  alone.  In  CAS  test  groups,  5-  or  10- 
minute  dciajs  were  interposed  between  CAS 
and  ipsilateral  exposure,  whereas  in  CCD  test 
groups  tic  delays  wrcrc  10,  30,  and  60  min¬ 
utes. 

Even  with  a  delay  of  5  minutes  after  CAS, 
smaller  but  significant  TTS  reductions  were 
obtained  (Fig  38-3 B)  Threshold  losses  from 
12  to  18  kHz  (where  losses  were  greater  than 
5  dB  in  the  control  group)  were  significantly 
lower  In  the  group  of  5  minutes’  delay  (p  less 


than  0.05)  than  at  the  corresponding  frequen¬ 
cies  in  the  control  group  (ipsilateral  exposure 
alone).  With  10  minutes  delay,  no  TTS  red  tic- 
tions  occurred:  threshold  losses  from  10  to  24 
kHz  in  this  test  group  were  not  significantly 
different  (p  greater  than  0.10)  from  control 
group  losses. 

In  the  CCD  delay  tests,  significant  TTS  re¬ 
ductions  were  obtained  in  all  three  delay 
groups  (Fig  38-3D).  Delays  of  10  or  30  min¬ 
utes  did  not  significantly  decrease  the  protec¬ 
tive  CCD  effects  In  both  groups,  losses  from 
10  to  24  kHz  were  significantly  lower  (p  less 
than  0.05)  than  control  losses  at  correspond¬ 
ing  frequencies.  With  60  minutes’  delay,  less 
TTS  reduction  occurred,  though  losses  were 
still  lower  than  control  losses  Losses  from  10 
to  24  kHz  in  this  test  group  were  significantly 
lower  (p  less  than  0  05)  than  control  losses  at 
corresponding  frequencies,  however,  losses 
from  12  to  24  kHz  in  the  group  of  60  minutes’ 
delay  w’erc  significantly  higher  (p  less  than 
0  05)  than  losses  at  corresponding  frequencies 
in  the  other  CCD  test  groups. 

Mode  of  Activation  of  the 
COCB  in  Crossed  Cochlear 
Protection 

In  many  animals  with  delays  between  the 
contralateral  manipulation  and  the  ipsilateral 
exposure,  a  number  of  ipsilateral  responses 
were  measured  before  the  contralateral  ma¬ 
nipulation  and  again  in  the  delay  period.  In 
thcCAS-tcst  animals,  ipsilateral  N1  audiograms 
and  intensity  functions  to  tone  bursts  and 
clicks  were  measured.  Remeasures  com¬ 
menced  10  to  15  seconds  after  the  CAS  and 
were  completed  in  2  to  3  minutes.  A  wider  va¬ 
riety  of  ipsilateral  responses  was  measured  in 
the  CCD  test  groups.  Some  of  these  responses 
arc  illustrated  in  Figure  38-4,  Measurements 


Figure  38*4  Effect  of  contralateral  cochlear  destruction  (CCD)  on  other  responses  from  the  ipsilateral  cochlea.  A. 
N1  audiograms  and  tuning  curves.  For  the  N1  audiogram  the  open  symbols  are  initial  values,  and  the  half  filled  cir¬ 
cles  are  repeat  measures  made  15  seconds  to  2  minutes  after  CCD.  For  N1  tuning  curves  the  test  10  ms,  10  kHz 
tone  was  set  10  dO  higher  than  threshold.  The  criterion  was  always  a  25  percent  reduction  in  the  N 1  amplitude.  For 
simultaneous  masking  curves  (crosses),  the  test  tone  was  presented  80  ms  after  the  onset  of  the  100  ms  masker 
Full  lines  show  the  Initial  tuning  curve,  dotted  lines  show  the  tuning  curve  determined  after  CCD.  For  forward 
masking  (squares),  the  test  tone  was  presented  3  to  5  ms  after  the  100  ms  masker.  Open  squares  show  the  initial 
tuning  curve;  filled  squares  show  values  recorded  within  5  minutes  of  CCD  ft  The  upper  panel  presents  input 
output  functions  for  the  onset  N1  to  a  click.  The  lower  panel  presents  input-output  functions  for  onset  (left  side) 
and  termination  responses  (right  side)  to  300-ms  tone  hursts  at  10  kHz,  Crosses  show  initial  values,  and  circles 
show  values  recorded  within  5  minutes  of  CCD.  C,  Modulation  ofNl  sensitivity  by  a  40  Hz  tone.  10  kHz  N 1  thresh¬ 
olds  were  determined  while  cycling  a  30  ms  tone  burst  at  10  kHz  through  a  continuous  40-Hz  tone  set  at  levels 
below  that  needed  to  elicit  an  N’l  itself  The  40-Hz  tone  level  is  expressed  as  attenuation  regarding  input  voltage  to 
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the  speakers.  Each  partition  number  represents  36  degrees  of  40  Hz  phase  Open  symbols  show  initial  recordings, 
dosed  symbols  show  measures  made  between  1 5  seconds  and  5  minutes  after  CCD  D,  Crossed  olivocochlear  bun 
die  (COCB)  effects  on  the  NI  amplitude.  Crosses  arc  input-output  functions  for  the  N1  to  50  ms  tone  bursts  at  10 
kHz.  Open  symbols  show  functions  recorded,  prior  to  CCD,  when  a  COCB  stimulus  (one  per  second,  300  ms  train 
of  bipolar  150  pulses,  delivered  at  a  set  rate  at  400  pA)  preceded  the  10  kHz  tone  burst  by  10  ms.  Closed  sym 
bob  show  repeat  measures  made  between  15  seconds  and  5  minutes  after  CCD.  Circles  show  values  recorded  when 
the  rate  of  COCB  pulses  was  140  per  second,  squares  show  values  when  the  rate  was  260  per  second  Hie  NI 
amplitude  was  always  determined  by  averaging  32  responses,  corrections  for  this  procedure  have  been  made  For 
clarity,  the  input-output  function  without  COCB  stimulation  redetermined  after  CCD  is  not  presented,  because  no 
changes  were  ever  found  in  these  functions.  From  Rajan  R,  Johnstone  BM  Contralateral  cochlear  destruction  medi 
a*es  protection  from  monaural  loud  sound  exposures  through  the  crossed  olivocochlear  bundle  Hear  Res  1989, 
39263*278. 
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Figure  38-5  Test  of  the 
hypothesis  of  central  facilitatory 
effects  of  controlled  cochlear 
destruction  (CCD>  Tile  control 
group  was  the  same  as  before, 
with  only  the  standard  ipstlateral 
exposure  (EXP).  The  first  CCD 
test  group  was  also  the  same  as 
that  in  Figure  38  3,  w-ith  CCD  2 
to  5  minutes  before  the  exposure. 
In  the  other  test  group,  the  CCD 
was  first  destroyed.  Five  minutes 
later  the  crossed  olivocochlear 
bundle  (COCB)  was  lesioned  at 
the  Hoof  of  the  fourth  ventricle;  2 
minutes  later,  the  standard 
exposure  was  presented. 


generally  were  completed  within  2  to  3  min¬ 
utes,  and  always  within  10  minutes,  of  CCD 
None  of  the  measures  of  afferent  and  efferent 
activity  were  altered  by  CAS  or  CCD.  How- 
ever,  although  CAS  or  CCD  had  no  effects  on 
tpsilatcral  cochlear  responses  prior  to  the  ex¬ 
posure,  they  reduced  CPS  to  the  subsequent 
exposure  (provided  the  delay  was  not  too 
long)  Similar  effects  were  obtained  when  de¬ 
lays  were  interposed  between  a  protective 
BES  and  the  exposure.  In  that  case,  tile  BES  ap¬ 
peared  to  have  persistent  facilitator)’  effects 
centrally  (possibly  the  COCB  cell  bodies),  al¬ 
lowing  activation  by  the  subsequent  exposure. 
A  similar  hypothesis— that  of  interaction  at  a 
central  site  between  inputs  from  die  exposure 
and  the  protective  manipulation— can  also  be 
applied  to  the  effects  of  CAS  and  CCD,  be¬ 
cause  neither  manipulation  directly  activated 
tile  COCB,  They  too  may  have  facilitated  the 
exposure's  activation  of  the  COCB  and  reduc¬ 
tion  of  the  tpsilatcral  ITS. 

Tin's  postulate  was  tested  on  the  protec¬ 
tive  effects  of  CCD.  fn  a  new  group,  after  mea¬ 
suring  N1  audiograms  from  2  to  30  kHz  and 
intensity  functions  at  10  kHz,  14  klf2,  or  both, 
bipolar  electrodes  were  located  in  the  brain 
stem  such  that  pulsed,  gated  electric  trains 
produced  ,\!  amplitude  reductions  equal  to 
those  in  previously  tested  animals.  The  con¬ 
tralateral  cochlea  was  destroyed,  and  N't  au¬ 
diograms  from  8  to  24  kHz  and  intensity  func¬ 
tions  were  remeasured,  and  always  found  un¬ 
altered,  Titc  electrodes  were  used  to  lesion 
the  COCB,  as  discussed  previously.  N1  audio- 
grams  were  remeasured,  and  were  again  unal¬ 
tered  Then  the  standard  tpsilatcral  exposure 
was  presented  (7  minutes  after  CCD).  The 
TTS  in  this  group  (Fig  38-5)  was  not  reduced, 
and  losses  from  10  to  24  kHz  were  not  signifi¬ 


cantly  different  (p  greater  than  0.10)  from 
losses  in  the  control  group  tint  was  presented 
only  the  standard  monaural  exposure,  but 
were  significantly  higher  (p  less  than  005) 
than  losses  in  the  test  group  with  CCD  but 
without  brain  stem  lesions. 

Thus,  CCD  must  act  in  the  proposed  facil¬ 
itator)’  mode  Centrally,  requiring  the  ipsilat- 
cral  loud  sound  for  final  activation  of  COCB- 
mediated  protection.  Although  the  lesion 
would  not  prevent  the  exposure  from  activat¬ 
ing  the  COCB  "primed"  by  CCD,  it  would  pre¬ 
vent  the  COCB  outflow  to  the  ipsilatcral  co¬ 
chlea  and  the  subsequent  ITS  reductions. 
Then  the  TTS  would  equal  the  control  TTS, 
exactly  as  found  here. 

Graded  Effects  on  TTS 

Testing  each  protective  manipulation  on 
10  kHz  exposures  presented  at  a  wide  variety 
of  intensities  and  for  a  range  of  durations  to 
produce  a  variety  of  TTSs  revealed  that,  for 
each  protective  manipulation,  the  amount  of 
reduction  in  ITS  elicited  by  the  protective 
manipulation  was  related  not  to  the  exposure 
intensity  or  duration  per  sc,  but  rather  to  the 
amount  of  TTS.  The  results  are  summarized  in 
Figure  38  6,  which  way  constructed  using  the 
threshold  losses  caused  by  the  exposure,  al¬ 
lowing  all  exposures  to  be  represented  regard¬ 
less  of  intensity  or  duration  of  exposure. 

When  low  levels  of  maximum  TTS,  of 
about  25  UB  or  less,  occurred  immediately  af¬ 
ter  the  exposure,  neither  CAS  nor  CCD  had 
any  significant  effect  on  TTS  With  increasing 
ITS,  increasing  protection  resulted  A  plateau 
in  protection  was  reached  with  maximum 
losses  of  about  40  dB  or  more 
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MAXIMUM  LOSS  (dB)  IN  CONTROL  GROUPS 


Figure  38-6  Dependence  of  the  temporary  threshold  shift  (ITS)  reductions  obtained  with  application  of  protec¬ 
tive  manipulations  in  test  groups  on  the  amount  of  ITS  occurring  In  the  corresponding  control  groups.  The  amount 
of  ITS  in  the  control  groups  is  represented  by  the  maximum  TIS  recorded  in  each  group  (the  1 4  kHz  loss  10 
seconds  after  exposure).  The  TTS  reductions  were  calculated  as  the  difference  between  maximum  TTS  in  the  con 
trol  group  and  maximum  ITS  in  the  test  group  (both  maxima  occurred  at  14  kHz  10  seconds  after  exposure)  Left 
panels,  Tests  with  contralateral  acoustic  stimulation  (CAS)  and  contralateral  cochlear  destruction  (CCD)  The  CAS 
was  always  at  the  same  frequency'  as  the  ipsilatcral  exposure,  and  at  80  dB  SPL  simultaneous  with  and  for  the  same 
duration  as  the  exposure,  in  CCD  tests,  the  contralateral  cochlea  was  destroyed  2  to  10  minutes  prior  to  the  ipsi- 
lateral  exposure  Right  panels.  Test  with  electric  stimulation  either  at  the  round  window  (RW-ES)  or  at  the  floor  of 
the  fourth  ventricle  (BES)  The  exposures  were  Identical  to  those  tested  with  CAS  or  CCD  except  that  an  exposure 
at  1 10  dB  SPL  for  I  minute  was  not  tested  with  electric  stimulation.  The  test  bipolar  stimulus  was  always  at  -tOO  pA, 
with  continuous  150-ps  pulses  presented  at  a  rate  of  140  or  260  per  second,  simultaneous  with  and  for  the  duration 
of  the  exposure 


Similar  effects  were  obtained  with  electric 
Stimulation  of  the  COCB  either  in  the  brain 
stem  or  at  the  round  window.  The  results  for 
two  stimulation  rates  (140  and  260  pulses  per 
second)  arc  summarized  in  Figure  38  6  as 
they  were  for  the  contralateral  manipulations. 
Tlic  effects  of  the  contralateral  manipulations 
are  similar  to  the  effects  of  COCB  stimulation 
at  140  pulses  per  second  at  either  stimulation 
site.  No  significant  differences  (p  greater  than 
0,10)  were  found  between  the  test  groups 
with  either  contralateral  manipulation  or  elec¬ 
tric  stimulation  at  that  rate.  With  stimulation 
at  the  higher  rate,  slightly  greater  ITS  reduc¬ 
tions  were  obtained;  with  the  brain-stem  site, 
exposures  that  had  not  been  protected  before 
were  now  protected.  It  is  possible  that  the  ef¬ 
fects  of  a  higher  stimulation  rate  may  have 
been  duplicated  by  using  a  higher  CAS  inten¬ 
sity,  although  Cody  (1982)  has  indicated  that 
above  80  dB  SPL  the  CAS  docs  not  exert  any 
greater  protective  effect  on  a  fixed  monaural 
high  intensity  exposure. 

In  summary,  the  protective  effects  of  the 
COCB  pathway  to  the  test  cochlea  appeared 
to  depend  on  the  TTS,  the  integrated  effect  of 
intensity  and  duration  of  exposure,  rather  than 


either  one  of  the  two  variables  of  the  expo¬ 
sures. 

Comparison  Between  the 
Protective  Manipulations 

As  shown  above,  CAS  and  CCD  reduced 
TTS  as  much  as  electric  stimulation  of  the 
COCB  did  at  a  moderate  rate.  Over  a  wide 
range  of  exposures,  there  were  no  significant 
differences  in  the  TTS  reduct  "vns  over  most  of 
the  affected  frequency  range.  There  was  a 
graded  relationship  between  the  TTS  reduc¬ 
tions  obtained  with  each  protective  manipula¬ 
tion  and  the  TTS  that  would  otherwise  have 
occurred. 

Further,  all  modes  offered  tome  protec¬ 
tion,  always  without  any  persisting  effects  at 
the  cochlea  The  duration  of  persistence  of 
protection  depended  on  the  nature  of  the  ma¬ 
nipulation.  Manipulations  (CAS,  BES,  and 
round -window  stimulation)  presented  for  the 
same  period  showed  the  same  persistence  of 
protection  with  5  minutes’  delay,  but  not  with 
10  minutes’  delay  In  contrast,  a  manipulation 
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(CCD)  with  no  Finite  period  of  application  had 
protective-effects  that  persisted  considerably 
longer.  Perhaps  if  the  CAS  or  the  electric  stim¬ 
uli  had  been  presented  for  a  longer  period  or 
at  a  higher  level,  their  protective  effects 
would  hate  persisted  longer.  It  must  be  noted 
that  the  5-minute  period  over  which  reduc- 
tions  could  be  obtained  after  the  CAS  or  elec¬ 
tric  stimuli  still  represents  a  long  term  facilita¬ 
tion  of  the  central  locus  for  stimuli  of  rela¬ 
tively  short  duration. 

Finally,  the  crossed  cochlear  effects  were 
also  blocked  by  the  same  drags  that  blocked 
the  effects  of  electric  stimulation,  and  were 
prevented  if  the  COCB  was  transected  at  the 
floor  of  the  fourth  ventricle. 

Pathways  and  Interactions 
Involved  in  the  Protective 
Effects 

Lower  Brain-Stem  “Reflex” 
Mechanisms 

As  shown  earlier,  CAS  and  CCD  appeared 
to  provide  a  facilitation  at  the  COCIi  cell  bod¬ 
ies  to  allow  the  loud  sound  to  activate  the 
COCB  where  the  exposure  alone  did  not  do 
so.  The  inferior  colliculus  (IC)  can  also  act 
through  the  COCB  to  reduce  the  cochlear  ITS 
caused  by  a  monaural  exposure  (Rajan, 
1990a),  1C  stimulation  docs  not  appear  to  di¬ 
rectly  activate  the  COCB,  but  may  facilitate 
the  exposure's  activation  of  the  COCB  (Rajan, 
1990a).  Thus,  the  two  peripheral  manipula¬ 
tions  may  exercise  their  effect  through  the  IC, 
allowing  the  IC  to  act  through  the  COCB  to 
reduce  TTS. 

To  examine  this  possibility,  the  effect  ol 
isolating  the  COCB  cell  bodies  in  the  lower 
brain  stem  from  more  central  structures,  with 
an  upper  pontine  lesion,  was  tested  on  the 
protective  effects  of  a  CAS  (Rajan,  1990b). 
Tile  lesion  did  not  affect  N1  audiograms  and 
intensity  functions  (Rajan,  1990b)  or  the  co¬ 
chlear  susceptibilities  to  the  standard  monau¬ 
ral  exposure  (Fig.  38-7).  Threshold  losses  in 
the  decerebrated  control  group,  presented 
only  by  the  standard  monaural  exposure,  vvere 
similar  (p  greater  than  0,10)  to  losses  in  the 
former  control  group  with  the  same  monaural 
exposure  but  without  deccrcbration.  Just  as 
significantly,  decerebration  did  not  prevent 
the  protective  CAS  effects  (Fig  38-7).  Thresh¬ 
old  losses  from  10  to  24  kHz  in  the  decere¬ 
brated  test  group,  in  which  the  standard  ipsi- 


lateral  exposure  and  the  standard  CAS  were 
presented  together  after  deccrebcration,  were 
significantly  lower  (p  less  than  0.05)  than 
losses  at  corresponding  frequencies  in  the  de¬ 
cerebrated  control  group.  There  were  also  no 
significant  differences  (p  greater  than  0.10) 
between  the  TTSs  from  10  to  2-f  kHz  in  the 
two  test  groups  with  the  same  binaural  test 
conditions,  with  or  without  decercbration 
Threshold  losses  in  both  test  groups  were  sig¬ 
nificantly  lower  (p  less  than  0  05)  than  ITS  at 
all  corresponding  frequencies  from  12  to  24 
kHz  in  the  two  control  groups  presented  with 
only  the  monaural  exposure  with  and  without 
decercbration). 

Tims,  CAS  exercised  its  protective  effects 
only  through  the  lower  brain  stem  without  In¬ 
tercession  from  any  higher  centers.  As  shown 
above,  lesioning  the  COCB  blocked  the  pro¬ 
tective  effects  of  CAS.  Therefore,  the  protec¬ 
tive  action  of  the  CVS  appears  to  be  exerted 
through  a  lower  brain  stem  "reflex"  arc  Involv¬ 
ing  input  from  both  cars  being  Integrated  by 
the  COCB  neurons  to  the  traumatized  co¬ 
chlea.  It  is  parsimonious  to  assume  that  CCD 
also  acts  through  the  same  pathways.  The  ac¬ 
tion  of  these  protective  manipulations  through 
such  a  pathway  docs  not  preclude  any  de¬ 
scending  Influence  on  this  COCB  action,  low- 
rate  electric  stimulation  of  the  IC  also  protects 
the  cochlea  by  providing  a  facilitator)-  Influ¬ 
ence  at  the  olivocochlear  cell  bodies  that  al¬ 
lows  activation  by  a  loud  sound  (Rajan, 
1990a).  Tltc  descending  pathways  from  the 
midbrain  could  exert  significant  modulatory 
effects  on  ihc  protective  actions  of  the  con¬ 
tralateral  cochlear  manipulations. 

Involvement  of  Two 
Strychnine-Sensitive  Sites 
in  Protection 

Tile  time  courses  of  the  blocking  actions 
of  strychnine  on  the  protective  effects  reveal 
an  interesting  result.  Strychnine,  injected  in- 
traperitoncally  at  2  or  •<  mg  per  kilogram, 
blocked  both  the  protective  effects  of  the  con¬ 
tinuous  electric  burst  and  the  N1  amplitude 
reductions  of  pulsed  gated  trains,  cither  at  the 
brain  stent  or  at  the  round  window,  only 
within  about  40  to  60  minutes.  In  contrast,  in- 
traperitoneal  injection  of  strychnine  at  2  mg 
per  kilogram  blocked  the  protective  effects  of 
the  two  contralateral  manipulations  within  1 5 
minutes.  Because,  across  a  wide  range  of  ex¬ 
posures,  both  contralateral  manipulations  pro¬ 
tected  as  much  as  did  electric  stimulation  at 
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Figure  38*7  Lower  brain  stem 
‘reflex*  actions  of  the  protective 
effects  of  controlled  acoustic 
stimulation  (CAS).  The  upper 
drawing  shows  the  location  of  the 
lesion  made  in  two  new  groups 
to  remove  all  descending 
influences  to  the  crossed 
olivocochlear  bundle  (COCB),  In 
the  control  groups  only  the 
standard  Ipsiiatera!  exposure 
(EXP)  was  presented  cither  after 
decercbratlon  (DECEREBRATION 
+  EXP)  or  without  any 
decercbratlon  (CONTROL  + 
EXP— the  same  control  group  as 
In  all  the  other  figures).  In  the 
test  groups,  the  test  conditions 
were  the  simultaneous 
presentation  of  the  CAS  and  the 
exposure,  cither  after 
decercbratlon— 
DECTRFBRATION  +  (CAS  ♦ 
EXP)— or  without  any 
decercbratlon  (CAS  +  EXP;  the 
same  group  as  in  Hg,  38-3A). 


FREQUENCY  (kHz) 


140  pulse,  per  second,  the  difference  cannot 
be  due  to  any  differences  in  the  efficacy  of  re* 
during  TTS.  Rather,  it  suggests  that  the  strych* 
nine  block  was  exercised  at  different  sites  in 
the  case  of  the  electric  stimuli  as  compared  to 
the  contralateral  manipulations, 

Tltis  result  is  explained  when  it  is  noted 
that,  in  the  case  of  COCB  electric  stimulation 
simultaneous  with  the  exposure,  the  protec* 
live  effects  must  be  exercised  through  the 
stimulus*  directly  producing  COCB  action  at 
the  cochlea,  Titus,  these  protective  effects  can 
only  be  blocked  if  the  COCB  terminals  in  the 
cochlea  are  blocked.  In  contrast,  CAS  and 
CCD  do  not  directly  activate  the  COCB,  but 
may  provide  a  facilitatory  influence  at  the 
COCB  cell  bodies  to  allow  the  exposure  to 
then  activate  the  COCB,  Then  the  protective 
effects  of  the  contralateral  manipulations  can 
be  blocked  by  blocking  cither  the  COCB  ter¬ 
minals  in  the  exposed  cochlea  or  the  input  (or 
inputs)  to  the  central  site  at  which  the  pro¬ 
posed  interaction  occurs.  The  differences  in 
time  courses  of  the  strychnine  blocks  there¬ 
fore  suggest  that,  in  the  case  of  CAS  and  CCD, 
it  must  be  the  inputs  that  were  blocked  within 
15  minutes,  because  the  results  with  COCB 


stimulation  show  that  strychnine  injected  in- 
trapcritoneally  blocks  the  COCB  terminals 
only  after  about  -10  to  60  minutes. 

Titus,  at  least  two  sets  of  strychnine-sensi¬ 
tive  sites  are  involved  in  the  protective  effects 
of  the  contralateral  manipulations.  One  set 
consists  of  the  COCB  terminals  in  the  ipsilat- 
cral  cochlea  at  which  COCB  action  reduces 
TfS,  The  other  set,  located  centrally,  is  in¬ 
volved  in  providing  input  to  the  locus  (sug¬ 
gested  to  be  the  COCB  cell  bodies)  at  which 
interaction  occurs  between  the  facilitatory  in¬ 
put  from  the  contralateral  manipulation  and 
the  input  from  the  ipsiiatera!  exposure.  This 
interaction  finally  leads  to  activation  of  the 
COCB  to  the  cochlea  that  is  presented  the  ex¬ 
posure,  Because  the  protective  CAS  effects  are 
exercised  only  through  the  lower  brain  stem, 
the  second  site  must  be  located  in  this  part  of 
the  brain.  It  is  not  known  if  the  second  site 
synapses  directly  on  to  the  central  locus  at 
which  the  proposed  interaction  occurs  or  is  a 
site  from  which  originates  input  to  the  inte¬ 
grating  locus.  It  is  also  unknown  whether  it  is 
the  facilitatory  contralateral  input  or  the  input 
from  the  exposure  that  is  blocked  by  strych¬ 
nine. 
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Binaural  Interactions  Leading 
to  Protection 

Efferent  neurons  with  cell  bodies  located 
in  the  brain  stem  contralateral  to  their  target 
cochlea  respond  to  monaural  acoustic  stimula¬ 
tion  of  the  target  cochlea  rather  than  of  the 
nontarget  cochlea  (Liberman  and  Brown, 
1986;  Robertson  and  Gummer,  1988).  Thus, 
the  COCB  neurons  to  the  cochlea  exposed  to 
loud  sound  must  respond  to  monaural  input 
from  the  traumatized  target  cochlea  rather 
than  to  monaural  input  from  the  nontarget  co¬ 
chlea.  However,  these  neurons  appear  to  be 
subject  to  modulatory  influences  from  the 
nontarget  ear  (Liberman,  1988:  Robertson  and 
Gummer,  1988).  In  the  case  of  protection,  the 
nontarget  cochlea  appears  to  provide  a  facili¬ 
tator)’  influence  to  the  COCB  (Rajan  and 
Johnstone,  1983a,  1988a,  1989).  Low-level 
sound  in,  or  destruction  of,  the  nontarget  car 
allows  the  loud  sound  in  the  target  car  to  acti¬ 
vate  the  COCB  neurons  and  reduce  ITS  in  the 
target  cochlea.  In  single  efferent  neurons,  fa¬ 
cilitation  appears  to  be  the  major  type  of  input 
from  the  nontarget  car  (Liberman,  1988).  or 
to  be  as  common  as  suppression  (Robertson 
and  Gummer,  1988). 

Site  of  the  Protective  Action 
at  the  Ipsilateral  Cochlea 

Other  than  TIS,  the  (protective)  continu¬ 
ous  CAS  was  also  tested  on  ipsilateral  N1  au¬ 
diograms  from  6  to  30  kHz  and  on  intensity 
functions  at  10  and  1-1  kHz,  recorded  from  the 
round  window,  or  on  DC  potentials  (the  en- 
docochlear  potential,  or  El’,  and  the  summat¬ 
ing  potential,  or  SP)  recorded  from  scab  me¬ 
dia  of  the  basal  turn.  The  SP  was  recorded 
with  a  variety  of  tones,  including  10  kHz  tones 
as  used  for  the  exposures  and  20-kIlz  tones 
more  appropriate  to  the  basal  turn  recording 
site,  at  intensities  from  about  90  to  1 10  dll 
SPL  None  of  these  responses  was  ever  altered 
by  the  CAS  (Rajan  and  Johnstone,  1988a).  Sim 
llarly,  CCD  had  no  effect  on  a  wider  variety  of 
ipsilateral  responses  (see  iig.  38-4 ).  (The  lat¬ 
ter  results  can  be  applied  here  because  CCD 
provided  equal  protection  over  a  long  dura¬ 
tion.)  Hie  (protective)  continuous  BUS  was 
also  tested  on  the  DC  potentials  (Rajan, 
1988a).  The  SP  was  again  evoked  by  10  kHz 
and  20-klIz  tones.  Although  the  BES  always 
decreased  the  EP  and  increased  the  SP,  the  ef¬ 
fects  decayed  rapidly  over  about  10  to  20  sec 
onds  (Rajan,  1988a),  especially  at  the  higher 
stimulus  rates  most  effective  in  reducing  TTS 


Konishi  and  Slepian  ( 1971)  also  found  that  the 
effects  of  continuous  COCB  stimulation  on  DC 
potentials  (paralleling  N1  and  CM  effects)  de¬ 
cayed  totally  within  a  few  seconds  of  the  start 
of  the  stimulus. 

Thus,  these  results  do  not  reveal  the  ipsi- 
lateral  site  of  protection,  However,  recent 
work  of  Robert  Patuzzl  and  his  colleagues  has 
shown  that  TTS  app-ars  to  occur  be  -ause  of  a 
reduction  in  the  .robabilny  of  opening  of 
transduction  channels  on  outer  hair  cell  stere* 
ocilia  (Patuzzl  ct  a),  1989)  CAS  appears  to  ne¬ 
gate  this  effect,  at  least  partially  (Patuzzi,  per¬ 
sonal  communication).  This  raises  the  intrigu¬ 
ing  question  of  how  efferent  terminals  along 
the  sides  and  the  base  of  the  outer  hair  cells 
can  affect  events  at  the  apex  of  the  hair  cells 
Further  work  by  these  investigators  should  an¬ 
swer  this  question. 

Effets  Protecteurs  du 
Systeme  Efferent  au 
Niveau  de  la  Fatigue 
Auditive  chez  le  cobaye 

Des  eludes  rcccntes  clicz  le  cobaye  ont 
ntontre  que  les  cffcrenccs  cochlcaires  pou- 
vaient  agir  cn  rCduisant  les  dommages  occa- 
sionnes  par  une  exposition  de  la  cochlec  i  des 
sons  intcnscs.  Nous  presenterons  ici  des  infor¬ 
mations  plus  precises  conccmant  cet  effet 
protecteur. 

La  stimulation  eleetrique  des  cffcrenccs 
coclilealres,  au  niveau  du  Ironc  cerebral  ou  de 
la  fenetre  rondc,  redmt  les  deficits  audnifs 
transitoires  occasionnes  par  line  exposition  it 
un  son  intense.  Cet  effet  protecteur  a  un  effet 
maximum  quand  les  chocs  elcctriques  ont  une 
cadence  clevic  ct  lorsqu'ils  sont  presentes  du- 
rant  tome  la  durce  de  (’exposition  sonore 
Toutefois,  le  memc  effet  pent  etre  obtenu  lor- 
sque  cclte  stimulation  eleetrique  est  cffectuee 
5  minutes  avanl  1’cxposition  traumatiquc  Cet 
effet  protecteur  est  bloque  par  [’admin¬ 
istration  Intrapcmoneale  on  mtracochleaire 
de  drogues  connucs  pour  mlnber  faction  des 
cffcrenccs  cochlcaires  et  avec  une  cinetiquc 
comparable  aux  autres  etudes.  Cet  effet  peut 
etre  aussl  bloque  par  line  section  du  fiusccau 
olivocochleaire  croise  (FOC) 

Cet  effet  protecteur  a  ete  aussl  obtenu  par 
des  manipulations  an  niveau  de  l’orcdle  con- 
trolaterale.  Ces  effets  cochlcaires  croises  peu- 
vent  etre  aussi  suppnmes  en  utilisant  les 
memes  drogues  que  precedemment  ou  par 
des  sections  du  FOC  L’effet  protecteur  de  ces 
manipulations  controlatcrales  persiste  pendant 
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la  duree  dc  la  manipulation,  Ces  manipulations 
controlaKrrales  n’activeraient  pas  directcmcnt 
Ie  FOC,  mais  pourraicnt  avoir  des  influences 
facilitatrices. 

Quclles  que  soient  la  duree  et  i’intensite 
de  rexposition  sonore,  les  manipulations  ef- 
fectuecs  reduisent  les  pertes  auditives  transi* 
toires  Get  effet  protecteur  est  maximum  pour 
des  deficits  auditifs  d’environ  15  &  17  dB  en* 
registries  i  la  frequence  la  plus  affectee  par 
[’exposition  traumatique. 

Les  stimulations  acoustiques  controlat- 
erales  semblent  agir  uniquement  au  niveau 
des  voies  “reflexes”  du  tronc  cdrebral,  En  effet 
une  dccorticalisation  ne  supprime  pas  l’effct 
protecteur.  Toutefois  des  influences  modular 
trices  plus  centrales  pourraient  s’excrccr,  et* 
ant  donn6  que  la  stimulation  clectrique  du 
colliculus  inferieur  (Cl)  a  aussl  un  effet  pro- 
tecteur  contrc  les  effets  d’un  traumatisme 
acoustique.  Cet  effet  est  aussi  bloque  par  les 
ntemes  perfusions  intracochleaircs  dc 
drogues,  ct  persiste  dc  la  niemc  manicre  que 
la  stimulation  tflectrique  du  FOC  ou  cclle  de  la 
stimulation  acoustique  controlat^ralc.  Toute¬ 
fois,  un  mcmc  niveau  dc  protection  peut  £trc 
obtenu  pour  des  cadences  dc  stimulation  61cc« 
trique  plus  faibles  que  cellcs  du  FOC 

La  stimulation  clcctrique  du  colliculus  In* 
fericur  ipsilatcral  reduit  aussl  les  deficits  audi¬ 
tifs  transitoircs,  dans  des  proportions  nioin- 
dres  et  pour  des  cadences  dc  stimulations 
f-Icctriqucs  plus  £Icvees.  Ccs  differences  pour* 
ralent  etre  attributes  au  nombre  dc  fibres 
croistcs  ct  non  croisecs  du  systeme  efferent 
median  innervant  les  regions  cocbltalrcs  af- 
fectecs  par  le  son  intense.  Le  colliculus  in¬ 
ferieur  pourrait  aussl  avoir  des  influences  &  la 
fois  sur  les  voies  croisees  et  non  croisecs  du 
systtme  efferent  olivocochleaire. 
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CHAPTER  39 


Effects  of  Periodic  Rest  on  Cochlear 
Damage  and  Hearing  Loss 


WnUAMVT.  CLARK 
BARBARA  A.  BOHNE 


One  of  the  nujor  unresolved  issues  con¬ 
cerning  the  effects  of  noise  exposure  on  the 
auditory  system  is  how*  inrcnninence  affects 
hearing  loss  2nd  cochlear  damage  produced 
by  the  exposure.  Although  social  stud *05 
tare  addressed  micrmiticncc  in  both  b>oia- 
tory  (Eldrcdgc  ct  al.  1959:  Ward.  1970)  and 
industrial  environments  (Sataloff  et  al.  1983 X 
few  have  addressed  the  issue  of  threshold 
shifts  observed  after  repeated  exposures  for 
more  than  a  feu*  days  (Johnson  ct  al,  1976X 
Saunders  ct  al  (1977)  evaluated  thresbokl 
shifts  produced  by  exposure  to  an  octave 
band  of  noise  (OBN)  centered  at  4.0  kHz.  57 
to  92  dB  SPL.  6  hours  per  day  for  9  days  in 
groups  of  trained  chinchillas.  They  interpreted 
their  findings  as  supporting  the  idea  that 
threshold  shifts  reached  an  asymptote  (asymp¬ 
totic  threshold  shift,  or  ATS)  after  2  to  3  dap 
of  exposure  on  this  schedule,  and  suggested 
the  "equivalent  power  hypothesis,"  which  pre¬ 
dicts  that  ATS  will  be  reduced  from  that  pro¬ 
duced  by  continuous  exposure  by  the  reduc¬ 
tion  of  power  (with  a  period  of  integration  of 
24  hours)  times  1.7  dB  (1.7-dB  decrease  in 
ATS  for  every  1-dB  decrease  in  equivalent 
power  of  noise).  For  the  25  percent  duty  cy¬ 
cle  utilized  t Y7  Saunders  ct  al,  ATS  values  were 
dose  to  those  predicted, 

However,  Clark  ct  al  ( 1987),  using  bchav- 
lorally-traincd  chinchillas,  measured  threshold 
shifts  produced  by  an  exposure  to  an  OBN 
centered  at  0.5  kHz,  95  dB  SPL,  6  hours  per 
day  for  36  dap  or  15  minutes  per  hour  for 
144  dap.  The)  found  that  both  exposures  ini¬ 
tially  produced  threshold  shifts  of  35  to  45  dB, 
but  as  the  exposure  continued,  thresholds  be¬ 
gan  to  decline  and  eventually  recovered  to 
within  10  to  15  dB  of  baseline  values  even 
though  the  exposure  continued.  The  behav¬ 


ioral  and  anatomic  data  indicated  that  these 
intermittent  exposures  produced  less  tempo 
nay  and  permanent  Itcaong  loss  2nd  less  co¬ 
chlear  damage  titan  continuous  exposures  of 
equal  energy.  In  a  follow-up  physiologic  ex¬ 
periment,  Sincx  et  al  (1987)  demonstrated 
similar  recov  ery  phenomena  in  whole  nerve 
action  potentials  and  single  auditory  nerve  fi¬ 
ber  recordings  from  groups  of  chinchillas  ex¬ 
posed  to  the  500  Hz  OBX  at  95  dB  SPL.  15 
minutes  per  hour,  for  4  or  40  dap.  Taken  to¬ 
gether.  these  studies  showed  that  auditory 
thresholds  could  recover  by  as  much  as  30  dB 
during  exposure,  and  that  the  locus  of  the  re¬ 
covery  phenomenon  is  peripheral,  probably  at 
the  level  of  the  hair  cell  This  finding  has  re¬ 
cently  been  confirmed  and  extended  by  an¬ 
other  laboratory  (Henderson  ct  al.  1990).  It 
also  supports  findings  originally  reported  by 
Miller  ct  al  for  interrupted  exposures  in  the 
cat  (Miller  et  al,  1963). 

Bohnc  and  her  colleagues  (eg..  Bohnc  ct 
al,  1985,  1987)  have  shown  that  the  apical 
and  basal  turns  of  the  chinchilla  cochlea  arc 
damaged  differently  by  noise  exposure.  Dam¬ 
age  in  the  apical  turn  is  usually  restricted  to 
scattered  losses  of  outer  hair  cells  (OHCs) 
that  can  reach  30  to  50  percent  without  ele¬ 
vating  thresholds  for  low-frequency  tones.  In 
contrast,  damage  in  the  basal  turn  of  the  co¬ 
chlea  from  exposure  to  low-  or  high-fre¬ 
quency  noise  usually  begins  as  a  discrete  le¬ 
sion  in  which  there  is  3  severe  loss  of  inner 
hair  cells  (IHCs).  OHCs,  or  both.  Similar  find¬ 
ings  from  human  cars  have  been  reported  bj 
Brcdbcrg  ( 1968). 

It  xs  possible  that  the  different  types  of 
damage  or  different  mechanisms  of  damage 
produced  by  low-  or  high-frequency  exposure 
to  noise  determine  whether  recovery  occurs 
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expose  OH  S£t  OUXTVpCcd  sdxrfcJt 
The  objective  cf  the  study  reported  here  to 
to  dtfeaflie  if  tbc  recovery  seal  xa  repeated 
exposure  to  icw-fixxpeocr  owe  also  occurs 
afier  exposure  to  a  hi^ft-frrquaxy  b2od  of 
txxscoo  s£m22r  sdxduks. 

Methods 

Subjects 

Subject,  tor  these  studies  were  chinchillas 
bom  2nd  reared  ta  a  low-noise  animal  colony; 
they  were  1  to  2  sears  old  at  the  start  of  tbc 
experiments  AH  subjects  were  made  monau¬ 
ral  by,  removing  the  ossicles  on  the  left  side; 
fht<  technique  provides  approximate!)'  60  dB 
of  2iicnuation  for  signals  reaching  tbc  left  car. 
but  preserves  tbc  cochlea  for  histologic  analy¬ 
sis  (Clark  and  Bohne.  1987).  Ossicular  re¬ 
moval  was  completed  -prior  to  behavioral 
training  in  group  i;  after  36  days  of  noise  ex¬ 
posure  for  group  2;  and  after  72  days  of  expo¬ 
sure  in  group  3- 

Behavioral  Technique 

Audiometric  data  were  obtained  from  tbc 
chinchillas  using  a  food-reward  operant-con¬ 
ditioning  technique  (Clark  ct  al.  1974,  1987; 
dark  and  Bohne.  1978,  Bohne  and  dark, 
1982).  Briefly,  the  animal  initiated  a  trial  se¬ 
quence  by  depressing  and  holding  a  response 
key/feeder  chute  (an  observing  response).  Af¬ 
ter  a  variable  period  (1  to  9  seconds)  a  2-sec¬ 
ond  trial  was  presented;  67  percent  of  the  tri¬ 
als  contained  tores,  whereas  the  test  were  si¬ 
lent  The  chinchillas  were  trained  to  report 
the  presence  of  a  tone  by  releasing  the  re¬ 
sponse  key.  Absence  of  a  tone  was  correctly 
reported  when  the  animal  continued  to  hold 
the  response  key  throughout  the  2-sccond 
trial.  These  correct  responses  ("hits"  or  “cor¬ 
rect  rejections')  were  rewarded  by  deliver}*  of 
a  food  pellet.  Incorrect  responses  (“misses'  or 
“false  alarms')  were  not  punished;  however, 
they  delayed  the  opportunity  for  the  next  pel¬ 
let 

An  adaptive  tracking  procedure  was  used 
to  measure  pure- tone  thresholds  for  as  many 
as  23  frequencies  daily.  Threshold  tests  were 
begun  with  stimuli  presented  at  60  to  80  dB 
SPL  Each  correct  response  to  the  tone  (hit) 
reduced  the  stimulus  by  10  dB  until  the  first 
failure  to  respond  to  the  tone  (miss)  oc¬ 
curred.  The  attenuation  step  size  was  reduced 
to  5  dB,  and  the  stimulus  was  increased  in 


5-dB  steps  until  tbc  *px  hix  occurred.  Schsc- 
quern  hits  aad  misses  adjusted  tbc  stimulus  in- 
unsay  in  2-SdB  steps  until  six  alternations 
bad  occurred  at  the  2.5dB  step  size.  Thresh¬ 
old  was  defined  as  tbc  mem  of  these  intensi¬ 
ties  Each  threshold  test  required  2  to  3  min¬ 
utes.  during  which  time  about  15  45-mg  food 
pdkts  were  obtained  by  tbc  chaxftHii.  \Tdl- 
inacd  zrnm&L  generated  a  full  audiogram  (23 
frequencies  tested)  and  consumed  about  350 
pdkts  during  each  drily.  1-boor  session. 

Thresholds  were  determined  at  qu2rtcr- 
ociavc  frequency  intervals  from  0.125  to  16.0 
kHz.  At  least  five  threshold  determinations  at 
C2ch  frequency  (typically  25  to  30)  were  used 
to  establish  tbc  animafs  pre-exposure  base* 
lino  Behavior  during  silent  trials  was  used  to 
determine  the  existence  of  any  conditions  that 
could  interfere  with  the  threshold  determina¬ 
tions;  pellets  delivered  for  correct  rejections 
also  saved  to  maintain  the  key  holding  behav¬ 
ior  of  the  animal  Changes  in  the  animal's  cri¬ 
teria  for  reporting  tones  near  threshold  were 
reflected  in  its  febc  alarm  (FA)  rate  (No.  FAs/ 
No.  silent  trials).  By  monitoring  false  alarm  be¬ 
havior,  one  can  determine  if  thresholds  have 
been  altered  by  any  nonauditoiy  effects  of  the 
experimental  treatment.  Although  training 
time  varied  among  individual  animals,  approx¬ 
imately  1  month  was  required  to  train  a  young 
animal  to  report  tones  near  threshold,  and  at 
least  two  additional  months  or  training  were 
required  before  the  animal  became  a  reliable 
observer  (lc,  the  false  alarm  rate  was  5  to 
20%;  standard  deviation  of  threshold  mea¬ 
sures  <3  dB). 

Noise  Exposure 

After  training  was  completed,  subjects 
were  exposed  to  an  OBN  centered  at  4.0  kHz. 
The  cctavc  band  level  (OBL)  of  the  noise  was 
86  dB  re  20  pPa.  Animals  in  group  1  were  ex¬ 
posed  6  hours  per  day  for  36  days;  the  expo¬ 
sure  for  group  2  was  6  hoars  per  day  for  72 
days.  Group  3  was  exposed  for  1 5  minutes  per 
hour  for  144  days.  The  schedule  of  ossicular 
removal  in  groups  2  and  3  resulted  in  expo¬ 
sures  of  36  and  72  days  for  the  left  and  right 
cochleas,  respectively,  of  animals  in  group  2, 
and  72  and  14  f  days  for  the  left  and  right  co¬ 
chleas,  respectively,  of  animals  in  group  3 
Measures  of  hearing  sensitivity  were  obtained 
twice  daily  ;or  all  group*  Animals  exposed  6 
hours  per  day  were  tested  immediately  before 
and  again  after  each  day's  exposure  (i.c., 
threshold  shift  (TSj  1  hour  and  TS  18  hours  af¬ 
ter  the  previous  day’s  exposure).  Those  ex- 
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posed  on  the  15  minute  per  hour  schedule 
•were  also  rested  twice  dab*,  in  the  morning 
aaxl  afternoon,  and  dau  were  plotted  bv  day  of 
exposure. 

Anatomic  Technique 

The  cochlcas  of  the  experimemaJ  animals 
were  prepared  for  examination  after  a  recov¬ 
ery  period  of  at  least  90  days.  Briefly,  under 
deep  pentobarbital  anesthesia,  the  cochlcas 
were  preserved  by  gently  p.-rfusing  the  fixa- 
tiie  (1%  OsOi  in  Dalton's  buffer)  through  the 
perilymphatic  spaces.  After  perfusion  of  both 
cochlcas,  the  animals  were  sacrificed,  the  tem¬ 
poral  bones  were  removed,  and  fixation  was 
continued  for  2  hours.  Leaving  most  of  the 
bone  intact,  the  cochlcas  were  washed,  dehy¬ 
drated,  and  passively  infiltrated  with  araJditc. 
After  polymerization  of  the  plastic,  the  co¬ 
chlcas  w  ere  dissected  and  trimmed  in  order  to 
obtain  whole  mount  preparations  of  the  entire 
cochlear  duct.  The  length  of  the  organ  of 
Coni  was  measured  and  the  number  of  miss¬ 
ing  cells  was  counted  in  each  control  and  ex¬ 
perimental  cochlea;  these  data  were  plotted  as 
cytocochlcograms.  The  position  and  extent  of 
damage  to  the  stria  vascularis  and  the  location 
and  amount  of  degeneration  of  the  dendritic 
processes  of  the  spiral  ganglion  cells  w  ere  also 
reported  on  each  cytocochl cogram. 

Results 

Group  1  (6  hours  per  day, 

36  days) 

Average  TS  functions  for  these  animals  arc 
shown  in  Figure  39-1.  Filled  symbols  repre¬ 
sent  the  TS  functions  measured  just  after  each 
daily  exposure  (TS  1  hour);  open  symbols  are 
the  TSs  measured  just  before  each  daily  expo¬ 
sure  (TS  18  hours  from  previous  day's  expo¬ 
sure).  Because  the  exposure  band  was  re¬ 
stricted  to  the  basal  half  of  the  cochlea,  little 
TS  was  noted  for  the  low-frequency  tones,  as 
expected  (Fig  39-1  A).  However,  the  TS 
1-hour  functions  for  the  frequencies  encom¬ 
passed  b>  the  noise  exposure,  3  35  to  5.7  kHz, 
all  showed  initial  shifts  of  40  to  55  dB  over 
the  first  5  to  10  days  of  exposure.  Comparison 
with  the  last  10  dap  of  exposure  indicated  re¬ 
covery  of  10  to  17  dB  at  all  test  frequencies 
(Fig  39- IB  through  E) 

The  TS  18-hour  measure*  for  die  frequen¬ 
cies  3  35  to  5.7  kHz  indicated  a  growth  of  shift 
with  exposure  duration,  tl»at  is,  less  recovery 


w^s  observed  as  the  exposure  period  length¬ 
ened.  For  example,  at  5.7  kHz  (fig  39- IB). 
TSs  recovered  by  26  dB  on  the  average  during 
the  first  10  days  of  exposure;  the  last  10  days 
of  exposure  TSs  recovered  less  than  0.5  dB 
during  18-bour  quiet  periods  between  noise 
exposures; 

After  36  days,  the  noise  was  terminated 
and  the  animals  were  allowed  to  recover.  Per¬ 
manent  threshold  shifts  (PTSs)  were  obsened 
in  all  animals;  they  averaged  15  to  20  dB  for 
the  high  frequencies  (3-35  to  5.7  kHz;  dau  not 
shown).  Cytocodilcognms  for  these  animals 
indicated  small  basal-tum  lesions;  cochlear 
damage  was  less  than  that  observed  with 
equal -energy  continuous  exposures  (cytoco- 
chJeograms  not  shown). 

Group  2  (6  hours  per  day, 

72  days) 

Average  TS  functions  for  these  animals  are 
shown  in  figure  39-2.  The  malleus/incus  com¬ 
plex  was  removed  from  the  left  ears  after  the 
thirty-sixth  exposure,  and  is  denoted  by  the 
arrows  on  the  figure.  Otherwise,  the  format  of 
the  figure  is  the  same  as  that  of  figure  391- 
Threshold-shift  functions  for  0.715  kHz  arc 
shown  in  figure  39-2A.  Although  there  was  no 
shift  of  thresholds  during  the  first  36  dap  of 
exposure,  thresholds  increased  by  10  to  15  dB 
in  the  dap  immediately  after  ossicular  re¬ 
moval,  and  the  average  TS  over  the  last  10 
dap  of  exposure  was  5  dB. 

Threshold  shifts  for  the  test  frequencies 
within  the  exposure  band  arc  shown  in  Figure 
39-2B  through  E  The  TS  1-hour  functions  arc 
characterized  by  an  initial  shift  of  40  to  50  dB 
and  a  sloping  recovery  function  tlut  displayed 
recovery*  of  10  to  20  cfO  after  the  first  5  to  10 
dap  of  exposure.  For  test  frequencies  of  3  35, 
4 6,  and  4  8  kHz,  no  changes  were  noted  after 
ossicular  removal.  However,  at  5  7  kHz  the  TS 
1-hour  function  became  clouted  by  10  dB  be¬ 
tween  dap  37  and  4 1  of  exposure  and  stabi¬ 
lized  for  the  duration  of  the  72-day  exposure. 

Like  the  data  shown  in  figure  39-1,  the  TS 
18  hour  measures  for  the  frequencies  3-55  to 
5.7  kHz  indicated  a  growth  of  shift  with  expo 
sure  duration,  tlut  is.  less  recovery  was  ob 
served  as  the  exposure  period  lengthened  For 
all  frequencies,  the  TS  18-hour  thresholds  con 
verged  toward  the  TS  1-hour  measures,  after 
25  to  30  dap  of  exposure,  little  recovery  oc 
currcd  during  the  18-hour  quiet  period  be 
tween  noise  exposures  An  elevation  of  TS  18- 
hour  measures  was  observed  for  the  5  7-kHz 
test  frequency  after  ossicular  removal 
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Figure  39*1  Threshold  shift  (75)  as  a  function  of  days  of  exposure  for  animals  exposed  to  an  OBN  centered  at  -1 0 
VJfz.  86  dB  S?U  6  hours  per  day  for  36  days  (group  1 ).  Filled  symbols  denote  thresholds  obtained  immediately  after 
each  daily  exposure  (T5  1  hour*  dosed  symbols  denote  thresholds  obtained  18  hours  after  each  exposure  (T5  18 
hours).  Panels  A  through  E  represent  thresholds  at  0.715, 3-35, 4  0, 4.8,  and  5.7  lilz,  respectively 


Group  3  (IS  minutes  per 
hour,  144  days) 

Average  TS  functions  for  these  animals  arc 
shown  in  Figure  39-3  Because  approximately 
1  hour  of  testing  was  needed  to  complete  the 
audiogram,  the  animals  were  tested  twice 
daily  during  45-mmutc  quiet  periods  between 
exposures.  Therefore,  all  data  shown  in  Figure 
39-3  are  TSs  measured  within  45  minutes  of 
noise  exposure. 


Two  characteristics  of  these  data  arc  note¬ 
worthy  The  post -ossicular  removal  eleva¬ 
tions  tn  thresholds  observed  in  group  2  were 
not  confirmed  in  these  animals.  Average  TSs 
from  days  20  to  50  (before  ossicular  removal) 
and  80  to  1 10  (after  ossicular  removal)  of  ex¬ 
posure  were  compared  and  arc  displayed  in 
Figure  39*4.  For  the  frequencies  3  35  to  5  7 
kHz,  generally  there  were  no  significant  differ¬ 
ences  in  TS  before  and  after  ossicular  removal 
Only  the  4  0  kHz  comparison  reached  stgnifi- 


Figure  39*1  C oaunued 
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Figure  39*2  Threshold  shift  (TS)  as  a  function  of  days  of  exposure  for  animals  exposed  to  an  octave  hand  of  noise 
(OBN )  centered  at  4  0  kHz,  86  dB  SPL,  6  hours  per  day,  tor  72  days  (group  2).  Filled  symbols  denote  thresholds 
obtained  immediately  after  each  daily  exposure  (TS  1  hour>.  Closed  symbols  denote  thresholds  obtained  18  hours 
after  each  exposure  (TS  18  hours).  Panels  A  through  E  represent  thresholds  at  0  715,  3  35,  1 0,  1 8,  and  5  7  kHz, 
respectively.  Arrow  denotes  ossicular  removal  on  the  left  side,  completed  after  36  days  of  exposure 


cancc  at  the  0  05  level;  the  thresholds  after  os*  The  TSs  observed  for  test  frequencies 

stcular  removal  were  better  than  those  mca-  within  the  exposure  band,  depicted  in  Figure 

sured  before  ossicular  removal.  However,  TSs  39-30  through  E,  do  not  show  the  charactcris- 

measured  after  ossicular  removal  tended  to  be  tic  recovery  functions  seen  in  groups  1  and  2, 

more  variable  than  those  obtained  before  re-  and  in  the  previous  experiments  (Clark  et  al, 

moval  (Fig.  39*30  through  E).  At  0  715  kHz,  1987)  Thresholds  averaged  over  days  1  to  10 

thresholds  began  to  increase  after  approxi-  of  exposure  were  loner  than  those  observed 

mately  40  days  of  exposure  (Fig.  39-3 A),  and  at  the  end  of  the  experiment  by  4  to  13  dB 

average  TS  on  days  80  to  1 10  was  5  dB  worse  Although  there  is  a  suggestion  in  the  data  of 

than  the  TS  on  days  20  to  50.  This  difference  an  initial  large  TS,  recovery’,  and  secondary 

was  significant  at  the  001  level  (t-test).  Note,  growth  of  TS  at  3-35,  40,  and  4.8  kHz,  the 

however,  that  the  time  course  of  threshold  time  course  of  the  effect  is  much  shorter  than 

elevation  was  unrelated  to  ossicular  re*  for  the  other  exposures  reported,  and  the  gen- 

mova!  era!  trend  is  qualitatively  different 
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Figure  39-3  Threshold  shift  as  a  function  of  days  of  exposure  for  animals  exposed  to  an  octal  c  band  of  noise 
(OBN >  centered  at  -4  0  kHz,  86  dB  SPL,  15  minutes  per  hour  for  144  days  (group  3 y.  Panels  A  through  E  represent 
thresholds  at  0  715, 3  35  4  0, 4  8.  and  5  7  kHz,  respccthely  Arrow  denotes  ossicular  removal  on  the  left  side,  com 
pleted  after  72  days  of  exposure. 
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0.715  kHz  3.35  kHz  4.0  kHz  4.8  kHz  5.7  kHz 

FREQUENCY 

Figure  39-4  Comparison  of  threshold  shifts  (TSs)  averaged  over  days  20  to  50  (before  ossicular  removal)  and  80 
to  1 10  (after  ossicular  removal)  for  animals  in  group  3  Significant  differences,  identified  by  smgle  or  double  aster 
isks,  represent  the  005  and  0 01  levels,  respectively 
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Conclusion 

The  results  of  the  experiments  reported 
confirm  the  finding  that  under  some  schedules 
of  interrupted  exposure  to  noise,  hearing  sen¬ 
sitivity  can  recover  even  though  the  exposure 
continues  This  effect  is  seen  for  low-fre- 
qucncy  exposures  that  damage  the  apex  and 
base  of  the  cochlea,  and  for  high-frequency 
exposures  that  damage  the  basal  turn  only.  At 
present  the  mechanism  that  produces  a  pe¬ 
ripheral  recovery  effect,  which  can  be  as 
much  as  30  dB,  is  unknown.  However,  this 
finding  does  show  that  periods  of  rest  be¬ 
tween  noise  exposures  are  protective;  that  is, 
they  produce  less  hearing  loss  and  cochlear 
damage  than  equal-energy  continuous  expo¬ 
sures.  This  finding  is  also  consistent  with  re¬ 
cent  findings  of  protective  effects  produced  by 
the  “training  phenomenon*  reported  by  Can 
Ion  et  al  (1988)  and  Canlon  and  Borg  (1990), 

Ossicular  removal  was  carried  out  on  the 
left  cars  of  experimental  subjects  for  two  rea¬ 
sons.  First,  it  resulted  in  a  monaural  response 
from  the  subjects  for  correlation  with  histo¬ 
pathologic  findings  from  the  right  car.  Sec¬ 
ondly,  it  provided  a  means  by  which  two  co- 
chtcas  from  the  same  animal  could  be  exposed 
to  diflerent  amounts  of  noise  for  comparison 
of  cochlear  damage  as  a  function  of  exposure 
duration.  However,  the  finding  that  thresholds 
were  elevated  at  two  frequencies  in  group  2 
after  ossicular  removal  was  troubling.  There 
arc  several  potential  explanations  for  this  find¬ 
ing.  In  addition  to  the  obvious  possibility  of 
artifact,  ossicular  removal  may  have  altered 
the  middle-ear  muscle  reflex  for  the  contralat¬ 
eral  ear.  Another  possibility  is  that  by  eliminat¬ 
ing  the  binaural  nature  of  the  stimulus  after 
ossicular  removal,  a  contralateral  sound  sup¬ 
pression  effect  mediated  by  the  efferents  was 
eliminated  (Cody  and  Johnstone,  1982),  How- 
ever,  it  is  unlikely  that  cither  middle-ear  mus¬ 
cle  effects  or  contralateral  sound  suppression 
would  selectively  affect  some  frequencies  and 
not  others.  In  addition,  the  15  minute  per 
hour  exposures  showed  no  changes  in  hearing 
sensitivity  that  could  be  correlated  with  ossic¬ 
ular  removal.  Thus,  wc  conclude  that  there  is 
no  contralateral  sound  suppression  or  middle- 
ear  muscle  effects  produced  by  binaural  expo¬ 
sure  in  the  data  reported  here. 

Finally,  we  observed  that  the  recovery' 
phenomenon,  which  had  been  demonstrated 
with  iow-frcqucncy  exposures  and  with  6 
hour  per  day  exposures  to  the  4.0  kHz  OBN  at 
86  dB  SPL,  did  not  occur  when  the  period  of 
exposure  was  15  minutes  (group  3)  How¬ 
ever,  1 5  minute  exposures  to  an  OBN  cen¬ 


tered  at  0  5  kHz  resulted  in  recovery  of  nearly 
30  dB  during  exposure  (Clark  et  al,  1987). 
These  findings  show'  that  the  effect  of  sched¬ 
ule  of  exposure  is  different  for  exposures  that 
affect  the  base  or  apex  of  the  cochlea,  and 
they  imply  a  different  mechanism  of  recovery- 
in  the  basal  turn  of  the  cochlea,  depending  on 
the  primary  site  of  stimulation. 

Effets  sur  les  Deficits 
Auditifs  et  les  Lesions 
Cochleaires  de  Periodes 
de  Repos  au  cours  d'une 
Stimulation  Acoustique 

L’une  des  principles  questions  non  rtsol- 
ues  cn  cc  qui  concerne  les  effets  du  bruit  sur 
l'audltlon  a  trait  it  Tlnflucnce  de  lintermlt- 
tencc  sur  les  evcnmellcs  pertes  auditives  et  le¬ 
sions  cocltl&lrcs  produites  par  1'cxposition  an 
bruit,  ISIcn  que  certains  rcsullats  sctnblcnt  fa 
vottscr  Ic  concept  d'iso-encrgic,  dans  lequcl 
1’encrgle  acoustique  totale  permetttait  de  pro- 
dire  i  cllc  settle  les  lesions,  II  cst  evident  que 
•'interruption  d  une  dose  donnee  de  bruit  par 
dcs  periodes  de  "ealme  effectif  ’  constituc  tin 
effet  prorccteur,  c'est-i-dirc  que  la  perte  audi¬ 
tive  et  les  lesions  eoelile.iires  sont  plus  faibies 
que  pour  unc  exposition  iso  encrgetiquc  con¬ 
tinue. 

Les  effets  de  dilKrcntcs  sequences  com- 
portant  unc  succession  dc  periodes  de  bruit  ct 
de  repos  sur  i'aucintc  cochlcairc  ct  la  perte 
auditive  ont  ete  Studies  dans  nos  laboratotrcs 
chez  dcs  chinchillas  ayant  subi  un  enlrainc- 
ment  comportcmental.  Dans  Tunc  dcs  experi¬ 
ences,  deux  groupes  dc  chinchillas  furent  ex¬ 
poses  it  un  bruit  d'une  octave  (OBN)  centre 
sur  4,0  kHz  et  de  niveau  86  dB  SPl,  a  raison 
dc  six  heures  par  jour.  Le  premier  groupc, 
rendu  monaural  avant  le  debut  dc  I  experi¬ 
ence,  fiat  expos*  pendant  36  jours.  Le  second 
groupe  fttt  rendu  monaural  aprbs  36  jours 
disposition  puis  subtt  une  exposition  addi- 
tionnellc  dc  36  jours.  Les  seuils  furent  releves 
deux  fois  par  jour  avee  des  Intcrvalles  de  fre¬ 
quence  d  un  quart  d’oetave  de  0,125  a  16,0 
kHz  a  I’aide  d'une  technique  de  renforcement 
posinf,  avant  I’exposltion,  pendant  1'cxposition 
ct  pendant  une  durec  de  100  jours  apres 
1’cxposition  Apres  l'audiometne  comporte- 
mentale,  les  cochlees  fttrent  preparees  pour 
l’examen  nucroscopique  Tous  les  sujets  nton 
tralent  une  eltvation  dc  seuil  imtiale  de  -45-55 
dB  2  des  frequences  de  test  comprises  dans  le 
domaine  dcs  frequences  de  stimulation  (3,35  - 
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8,0  kHz),  apres  5  a  10  jours,  !es  elevations  dc 
semis  commencerent  k  decliner  et  i’on  ob- 
serva  unc  recuperation  d’environ  20  dB  au 
cours  des  10  jours  deposition  suivants 
(25*35  dB  d’eievation  de  seuil).  Les  seuils  se 
stabiliserent  apres  environ  20  jours  deposi¬ 
tion  aussi  bien  pour  le  groupc  "34  jours’*  que 
pour  le  groupe  "72  jours”.  De  faibles  deficits 
permanents  ftirent  observes,  dans  le  domaine 
des  frequences  de  stimulation,  pour  les  deux 
groupes  d’animaux:  15  *20  dB  pour  l’exposi- 
tion  la  plus  courte  ct  20*25  dB  pour  la  plus 
longue.  Les  cochlees  exposecs  pendant  3 4 
jours  avaient  des  lesions  faibles  mais  significa- 
tives  dans  le  tour  basal;  cedes  exposes  pen¬ 
dant  72  jours  montraient  des  atteintes  16gfcre- 
ment  plus  Iniportantes. 

Un  groupe  additlonnel  de  chinchillas  fin 
expose  A  un  OBN  de  86  dll  SPL  centre  sur  4,0 
kHz  pendant  144  jours.  Lc  plan  deposition 
£tait  de  15  minutes  par  heurc.  Ces  animaux 
furent  rendus  monauraux  aprirs  les  72  pre¬ 
miers  jours  deposition,  Les  seuils  d’audition 
etaient  mesures  quotidiennement  pendant  la 
p&riodc  deposition  ct  jusqu'&  stabilisation 
aprfcs  la  fin  dc  ccttc  pfriodc. 

Les  risultats  dc  ces  deux  series  deposi¬ 
tion  i  des  bniits  de  frequences  tflevtfes  confir- 
ment  lc  fait  que  1‘orelllc  peut  r£cupercr  au 
cours  d’une  exposition  intermittente  au  bruit 
et  que  des  mesures  dc  la  fatigue  auditive  nc 
sont  pas  toujours  dc  bons  Indicateurs  des 
pertes  auditives  ou  dcs  lesions  cochl&Urcs  ul« 
tiricurcs. 
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CHAPTER  40 


Intermittent  Noise  and  Equal 
Energy  Hypothesis 


PIERRE  CAMPO 
ROBERT  R.  LATAYE 


In  recent  decades,  exposure  to  intense  noise 
has  become  an  important  occupational  prob¬ 
lem.  Consequently,  in  most  Industrial  settings, 
the  need  for  prevention  of  noisc-induccd  hear¬ 
ing  loss  is  receiving  ever  Increasing  attention. 
One  of  the  most  important  problems  is  to  dc* 
velop  a  practical  Indicator  to  estimate  the  au¬ 
ditor)’  hazards  encountered  by  noise-exposed 
employees.  The  Equal  Energy'  Principle  (EEP) 
has  been  proposed  as  a  comprehensive  strat¬ 
egy  to  rate  the  hazard  of  noise  exposures  over 
a  wide  range  of  exposure  conditions.  The  EEP 
was  initially  proposed  by  Eldred  ct  al  (1955) 
and  assumes  that  hearing  damage  is  function 
of  the  total  acoustic  energy  received.  The  EEP 
assumes  a  reciprocal  trading  relationship  be¬ 
tween  the  Intensity  of  the  noise  and  the  dura¬ 
tion  of  the  exposure,  the  product  of  time  and 
intensity  being  a  measure  of  the  total  acoustic 
energy  received.  Hence,  for  the  total  energy 
to  remain  constant,  the  exposure  intensity 
must  decrease  by  3  dU  SPL  for  each  dou 
bling  of  the  exposure  duration.  Thus,  any  in¬ 
terrupted  noise  exposure  can  be  equated  to 
the  level  of  a  continuous  noise  of  equal 
energy,  ic,  the  equivalent  continuous  level 
(Leq). 

The  Leq  is  an  attractive  concept  that  can 
be  incorporated  with  ease  into  instrumenta¬ 
tion  and  into  normalization  rules,  but  there 
arc  some  questions  as  to  whether  the  Leq  is  a 
good  indicator  of  *hc  auditory  hazard  associ¬ 
ated  with  fluctuau.ig  noise  exposures.  Indeed, 
most  of  the  industrial  exposures  arc  not  con¬ 
tinuous,  but  rather  intermittent  or  fluctuating 
So  it  is  important  to  determine  if  the  leq  takes 
into  account  the  effects  of  rest  periods  on  au¬ 
ditory  threshold  shifts. 

One  approach  to  evaluating  the  EEP  is  to 
determine  the  amount  of  hearing  loss  or  hair 
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cell  loss  that  occurs  in  an  animal  model  after 
different  noise  exposures.  Tie  permanent 
threshold  shift  (PTS)  is  probably  the  most  im 
portant  single  metric  for  evaluating  the  EEP. 
Although  many  noise-exposure  studies  have 
been  carried  out  with  animals,  only  a  few  of 
the  studies  have  attempted  to  simulate  acous¬ 
tic  conditions  similar  to  those  encountered  in 
industry,  ic.,  interrupted  noise  exposures  of 
moderate  intensity  emitted  daily  during  at 
least  2  weeks  (Slnex  ct  al,  1987,  Clark  ct  al, 
1987).  By  contrast,  most  studies  of  acoustic 
trauma  have  dealt  with  short  exposure  (a  few 
minutes  or  a  few  hours)  using  high  noise  in¬ 
tensities,  typically  1 10  dB  and  over  (Buck  and 
Frankc,  1986;  Cody  and  Johnstone,  1982;  Sata- 
loff  et  al,  1983s  Goulios  and  Robertson, 
1983).  In  such  conditions,  the  cochlear  inju¬ 
ries  observed  and  the  underlying  mechanisms 
of  hearing  loss  due  to  noise  exposure  could  be 
different  than  those  generated  by  a  moderate- 
intensity  exposure  emitted  over  a  long  period 
of  time.  Moreover,  the  effect  of  intensity  in 
the  studies  of  Ward  ct  al  (1981)  and  Roberto 
et  al  ( 1985)  showed  that  Leq,  especially  as  it 
applies  to  impulse  noises,  is  not  a  good  indica¬ 
tor  of  the  hazard  of  the  noises  (Henderson  and 
Hamemik,  1978;  Hamcmik  ct  al,  1980),  Given 
the  paucity  of  data,  we  felt  that  it  was  impor¬ 
tant  to  determine  if  8  hour  noise  exposures  at 
levels  similar  to  those  encountered  in  the 
work  place  (moderate  intensity)  would  pro¬ 
duce  the  same  amount  of  hearing  loss  as 
shorter  exposures  of  higher  intensity.  Hence, 
the  primary  goal  of  the  present  study  was  to 
End  the  sound  pressure  level  of  an  8-hour  con¬ 
tinuous  noise  that  would  generate  a  similar 
magnitude  of  PTS  as  that  generated  by  a  short 
continuous  or  intermittent  noise  with  the 
same  spectrum  If  the  EEP  is  an  appropriate 
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measure  of  hearing  hazard,  then  the  degree  of 
hearing  loss  should  be  the  same  in  groups  of 
animals  exposed  to  continuous  and  intermit¬ 
tent  exposures  with  the  same  Leq  A  second 
objective  was  to  compare  the  amount  of  hear¬ 
ing  loss  with  the  levels  of  cochlear  damage 
from  two  exposure  schedules  that  had  the 
same  total  acoustic  energy,  but  a  different 
temporal  distribution,  specifically  short  con¬ 
tinuous  noises  versus  intermittent  noises. 

Materials  and  Methods 

Subjects 

Subjects  for  these  experiments  were 
young,  female,  pigmented  guinea  pigs  with 
melanotic  eyes  AU  animals  were  at  least  2 
months  old  (400  to  500  g)  at  the  start  of  the 
experiment  and  between  4  and  5  montlis  old 
at  the  end  of  the  experiment.  The  animals 
were  selected  on  the  basis  of  a  preliminary  au- 
diologlc  test:  Prcycr  reflex  and  direct  observa¬ 
tion  of  the  outer  ear. 

Electrocochleography 

Auditory  thresholds  were  estimated  using 
electrocochleography.  The  electrodes  were 
implanted  under  anesthesia.  A  levomcpro- 
maztnc  premcdication  (Nozinan,  2  mg  per 
100  g  body  weight)  was  administered  a  half  an 
hour  before  the  anesthesia.  The  ketamine  an¬ 
esthesia  (Clorkctam  1000,  15  mg  per  100  g 
body  weight)  was  administered  by  intraperlto- 
ncal  injection.  The  core  temperature  of  the 
animal  was  maintained  at  38°C  using  a  healing 
pad  control  system  regulated  with  a  rectal 
probe  sensor. 

A  retroauncular  incision  of  about  1.5  cm 
In  length  was  made  under  sterile  surgical  con¬ 
ditions.  The  otic  capsule  was  exposed  by  cut¬ 
ting  through  the  connective  tissue  and  the 
neck  musculature.  The  recording  electrode 
(insulated  platinum  wire)  was  inserted 
through  a  guide  hole  under  visual  control  by 
way  of  an  operating  microscope.  When  the 
electrode  tip  was  on  the  edge  of  the  round 
window  membrane,  the  electrode  was  an¬ 
chored  onto  the  otic  capsule  with  dental  ce¬ 
ment  (Taab  2000).  The  reference  and  ground 
electrodes  were  inserted  onto  the  vertex  of 
the  animal's  skull.  The  electrodes  were  con¬ 
nected  to  an  electrical  connector  anchored  to 
the  skull  by  means  of  dental  cement.  With  this 
technique,  the  compound  action  potential 
(CAP)  can  be  recorded  over  a  period  of  a  least 


3  months  (Aran  and  Erre,  1979,  Walger  et  al, 
1985). 

The  audiometry  was  performed  in  an  au- 
diometric  room  (Amplisilence,  Gil).  Awake 
animals  were  restrained  in  holders  so  that  the 
audiometric  tests  were  repeated  under  con¬ 
stant  acoustic  conditions  The  sound  stimuli 
were  produced  by  a  speaker  (JBL  2405)  posi¬ 
tioned  15  cm  from  the  pinna  of  the  outer  ear. 

The  stimulus  used  to  elicit  the  CAP  was 
trapczoidally  gated  (9  ms  duration,  linear  ris¬ 
ing  and  falling  ramps  of  1  ms)  Each  tone  burst 
was  repeated  at  a  rate  of  20  per  second.  To 
cancel  the  microphonic  potential,  a  tone  burst 
was  emitted  w’ith  a  positive  phase,  the  follow¬ 
ing  one  with  a  negative  phase.  The  audiometry 
test  was  always  performed  in  the  following  or¬ 
der;  2, 3, 4,  5, 6, 8,  10,  12,  16  kHz. 

The  CAP  threshold  was  averaged  (N  53 
256)  to  enhance  the  signal-to  noise  ratio.  CAP 
magnitude  was  measured  from  baseline  to  the 
bottom  of  the  first  negative  deflection  (N,) 
The  CAP  N,  was  measured  by  decreasing  the 
intensity  of  the  tone  bursts  to  obtain  a  wave 
magnitude  of  8  pV, 

Noise  Exposure 

The  awake  animals  were  exposed  in  an 
open  field  acoustic  chamber  (340  X  340  x 
250  cm).  Four  loudspeakers  were  placed  in 
the  corners  of  the  acoustic  chamber,  120  cm 
in  front  of  the  wire  mesh  cages  (individual 
cage.  35  x  25  x  21  cm).  The  cages  were  po¬ 
sitioned  at  the  center  of  the  acoustic  chamber. 
Each  subject  was  housed  in  a  separate  cage 
during  the  entire  exposure  period.  During  the 
noise  exposure,  the  animals  were  not  re¬ 
stricted  and  they  had  free  access  to  food  and 
water.  No  feeding  problems  were  observed 

The  noise  was  a  l/j  octave  band  centered 
at  8  kHz  (8  kHz,  »/3  OBN)  The  center  fre¬ 
quency  of  the  noise  was  chosen  to  generate 
noise-induced  hearing  loss  in  the  cochlear  par¬ 
tition  area  where  auditor)'  sensitivity  is  the 
best.  The  spectrum  of  the  noise  is  shown  in 
Figure  40-1.  The  sound  pressure  level  of  the 
noise  was  checked  inside  the  individual  cages 
and  was  found  to  vary  by  1  dB  or  less  within 
the  cages.  Moreover,  the  exposure  cages  were 
rotated  to  ensure  equivalent  exposure  to  all 
animals.  The  exposure  period  lasted  14  days 
for  all  noise  exposure  conditions 

Experimental  Paradigm 

Two  weeks  after  the  electrode  implanta¬ 
tion,  the  CAP  Nj  thresholds  (T,)  were  mea- 
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Kgurt  -40-1  Rdchc  ampbtode  of  the  spectrum  acowtie  of  the  opoKfe  Aailfwtoahillhtf  52  iL 


Figure  40*2  Experimental  paradigm  to  measure  the  permanent  threshold  shift  (PIS).  Tl.  T2  correspond  to  the 
audiograms.  Tl,  Pre-exposure  threshold;  T2.  Thresh*-,  measured  after  the  exposure  period;  T3.  Threshold  mea¬ 
sured  21  days  following  exposure;  ECoG.  Ekcuoeodilcograph)':  CIS,  Compound  threshold  shift. 


sured  The  animals  were  exposed  to  8-KHz,  Vj 
OBN  for  14  days,  8  hours  per  day.  After  the 
exposure,  CAP  N,  thresholds  were  remea¬ 
sured  (T2).  The  difference  (T2  -  Tj)  corre* 
sponds  to  the  CTS  (compound  threshold 
shift)-  Electrocochlcographic  measures  were 
performed  every  day  during  the  recovery  pe¬ 
riod  in  order  to  determine  the  daily  threshold 
shifts  and  to  determine  the  PTS  value  in  our 
experimental  paradigm.  A  recovery'  period  of 
21  da,  was  considered  more  than  sufficient 
to  mcaajrc  the  PTS  (Buck  Irankc,  1986, 
Cody  and  Johnstone,  1982,  Cody  and  Robert¬ 
son,  1985,  Mills,  1973,  Sjka  and  Popclar, 
1980)  The  last  audiogtam  (T5)  was  earned 
wit  21  days  after  the  exposure.  The  difference 
T\  -  T,  corresponds  to  the  PTS 


A  representation  of  the  experimental  par¬ 
adigm  Is  shown  in  Figure  40-2.  Groups  of 
guinea  pigs  (n,  =  number  of  animals)  were 
sound  exposed  (8  KHz,  V%  OBN)  for  8  hours  at 
sound  pressure  levels  of  85  dB  (n,  *  18). 
87.5  dB  (n2  =  13),50dB(n%  =  14), or 95  d» 
(n4  =  1  >).  Tlie  magnitude  of  PTS  measured  21 
days  alter  exposure  was  related  to  the  sound 
pressure  level  of  the  continuous  8-hour  expo¬ 
sure  period. 

Four  oilier  groups  of  animals  were  ex¬ 
posed  daily  for  14  days  to  four  different  noises 
(8  kHz,  V\  OBN)  with  the  same  Lcq  value  of 
92  dB.  We  chose  a  92-dB  Lcq  to  use  the  linear 
part,  and  only  the  linear  part,  of  the  function 
relating  PTS  to  Leq  obtained  with  the  8*hour 
noise  exposures.  One  group  (n*  -  15)  was 
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exposed  continuously  for  J  hours  at  95  dB.  A 
second  group  (n.  =  12)  was  exposed  to  aain- 
tcimiltcnl  noise  for  8  boars  with  the  follow- 
ing  noise  rest  schedule:  a  2-minute  noise  at  95 
dB  followed  by  a  2-raimtle  rest  period.  A  third 
£rtnrP  in-  —  23)  was  exposed  to  a  48-minme 
noise  at  102  dB.  Tbc  fourth  group  (n.  =  12) 
exposed  for  8  hours  to  an  intermittent 
noise  in  which  a  2-minute  noise  ai  102  dB  was 
followed  by  an  18minute  rest  period. 


Results 

Electrocochleography 

The  mean  thresholds  and  the  95  percent 
confidence  interval  for  normal  N,  thresholds 
calculated  with  29  gjinca  pigs  are  shown  in 
figure  40-3.  There  was  little  interanima!  satia¬ 
tion  in  threshold  over  the  range  2  to  16  kHz. 
The  most  sensitive  region  in  the  pigmented 
guinea  pig  audiogram  was  from  8  to  16  kHz, 
with  decreasing  sensitivity  for  the  frequencies 
below'  ihr  range 


Recovery  After  the 
Exposures  of  85,  87.5,  90, 
and  95  dB  SPL 


figure  40-4  shows  the  recos  crj- of  CPS  af¬ 
ter  the  continuous  noise  exposures,  hi  gen¬ 
eral,  the  maximum  recovery  was  observed  at 
the  most  damaged  frequencies,  Vi  octave 
aboic  the  center  frequency  of  the  noise  expo- 
sure  The  data  from  the  85-dB  group  showed 
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the  greatest  recovery.  Sr  camrasr,  the  data 
the  highesr  irrd  (95  d3)  showed  the 
Jeasi  recovery.  FeSowfag  the  exjjcscre  at  85 
dB.  the  gmanpigfs  ear  recovered  15  <3  a  10 
to  12  kHz  by  the  fifth  day.  After  the  fifth  drr, 
the  threshold  shifr  showed  Kale  recovery.  The 
bde  of  recovery  suggests  dm  the  thresholds 
measured  a  21  days  after  exposure  can  be 
used  to  estimate  the  PIS  without  making  a 
large  error. 

PTS  After  tfce  Exposures  of 
85,  87.5,  90,  and  95  dB  SPL 

The  mean  PTS  values  are  shown  in  Figure 
40-5.  The  grearest  variation  in  the  threshold 
between  the  four  difierent  exposures  oc¬ 
curred  above  8  kHz;  The  peak  fosses  occurred 
in  the  10  to  12  kHz  frequency  range,  or  ap¬ 
proximately  half  an  octave  above  the  expo¬ 
sure  frequency,  for  instance;  with  the  95dB 
exposure,  the  maximum  magnitude  of  the  PIS 
(PTS  max)  was  40.5  dB  around  10  to  12  kHz. 
At  the  SOdB  exposure,  the  PTS  max  was  33 
dB  around  1 0  to  1 2  kite  At  the  87.5  dll  expfr 
sure,  the  ITS  max  was  27  dB  at  10  Idle  Ai  the 
85-dB  exposure,  the  PIS  max  was  9.5  dB  at  10 
kHz.  .Vote  that  the  PTS  measured  at  the  8-kHz 
frequency  was  relatively  Iowa  0  dB  at  85  dB.  9 

dB  at  87.5  dB,  18  dB  at  90  dB.  and  26  dB  at  95 

dB  exposure  level  Data  for  the  lest  frequen¬ 
cies  below  8  kHz  show*  no  evidence  of  thresh¬ 
old  shift. 

figure  40-6  shows  the  mean  PIS  at  8. 10, 
22,  and  16  kHz  as  a  function  of  exposure  level 
(85,  87.5.  90.  95  dB  SPL)  for  -he  Shout  con¬ 
tinuous  noise  (8  kHz,  >/.  OBN).  With  the  aid 
of  the  four  curves  in  figure  40-5  we  arc  able 
to  find  the  sound  pressure  level  of  an  8-hour 
continuous  noise  that  generates  the  same 
amount  of  PTS  as  a  short-duration  continuous 
or  intermittent  noice. 

Nocivity  of  the  Four  Noises 
with  the  Same  Leq  Value: 

92  dB 

Short,  Continuous  Noises 

Figure  iO-7  shows  the  PTS  as  a  function  of 
frequency'  for  a  4-hour  exposure  of  95  dB  SPL 
(n5  =  15)  and  a  48-minute  exposure  of  102 
dB  SPL  (n^  =  12)  The  PTS  magnitudes  gener* 
ated  by  the  4-hour  continuous  noise  at  95  dB 
were  consistent  with  the  EEP  because  the  val 
ucs  18.2,  32.1.  339,  and  29.4  dB  at  8,  10,  12, 
and  16  kHz,  respectively,  correspond  to  the 
PTS  generated  by  an  8*hour  continuous  expo 
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figure -<0-8  Permanent  .reshoW  shift  (PTS)  generated  by  a  ’/>OBN  centered  ax  8  kltz  for  14  days (Lcq  =>  92  dB). 
Left,  (n*  =  16)  102-dB  intermittent  nobe  2-minute  nobe  followed  by  an  l&mtnutc  rest  period  presented  2-1  tiroes. 
Right.  (n*  =  12)  95  dB  iracrnaicm  notsc.  2^nsnutc  noise  followed  by  a  2-minute  rest  period  presented  120  limes. 
The  bars  represent  hzft  of  the  95  percent  confidence  intervals. 


sure  with  an  Lcq  of  92  <JB.  As  shown  in  figure 
4(MS.  the  PT5  at  8.  10,  12.  and  16  kHz  caused 
b\'  an  8-hour  continuous  noise  of  92  dB  would 
be  about  18.  35.  36,  and  22  dB  at  8,  10.  12. 
and  16  kHz,  respectively.  For  this  exposure, 
the  Lcq  is  a  reasonable  predictor  of  acoustic 
trauma.  The  PTS  generated  by  the  48-minute 
continuous  noise  at  102  dB  was  relative!)'  low. 
The  PTS  max  was  about  13  to  15  dB  at  8  to  10 
kHz.  In  this  ease,  the  Lcq  overestimates  the 
hazards  for  a  48-minute  exposure  of  102  dB. 

Intermittent  Noises 

figure  40-8  shows  the  PTS  generated  by 
two  8-hour  intermittent  exposures  (8  kHz,  Vs 
OBN).  One  group  (Fig.  40-8  right,  =  16)  of 
guinea  pigs  was  exposed  for  240  minutes  (2 
minutes  x  120)  to  a  noise  wording  to  the 
following  schedule  2  minutes  of  noise  at  95 
dB  followed  by  a  2-minute  test  period.  The 
other  group  (Fig.  40-8  left,  n8  =  12)  was  ex¬ 
posed  for  48  minutes  (2  minutes  X  24)  to  a 
noise  according  to  the  following  schedule  2 
minutes  of  noise  at  102  dB  followed  by  an  18- 
minute  rest  period.  Both  intermittent  noises 
had  an  Lcq  of  92  dB  The  PTS  magnitude  gen¬ 
erated  by  the  noise  at  95  dB  (2  minutes  x 
120)  was  slightly  lower  (16  dB  at  8  kHz,  26.5 
dB  at  10  kHz,  31-2  dB  at  12  kHz,  and  21.3  dB 
at  16  kHz)  than  the  one  generated  by  the  con¬ 
tinuous  noise  at  the  same  intensity  and  Lcq 
By  contrast,  the  PTS  magnitude  generated  by 
he  noise  at  102  dB  (2  minutes  x  24)  was 
al.arply  lower  (4.1  dB  at  8  kHz,  6.3  dB  at  10 
kHz,  82  dB  at  12  kHz,  and  67  dB  at  16  kHz) 


than  the  one  generated  by  the  continuous 
noise  at  the  same  intensity  and  Leq. 

Recovery  After  Short 
Continuous  or  Intermittent 
Exposures 

figure  <0-9  shows  CTS  as  a  function  of  re¬ 
cover)'  time.  The  maximum  amount  of  rccov- 
ciy  occurred  at  the  most  damaged  frequen¬ 
cies,  Vi  octave  above  the  center  frequency  of 
the  exposure  band.  No  significant  recovery 
was  observed  in  the  frequency  range  below'  8 
kHz.  The  amount  of  recover)'  was  relatively 
low  compared  w'lth  the  recovery  after  the 
8-hour  continuous  noise  exposures.  After  the 
fifth  day,  the  threshold  shift  variations  arc  neg¬ 
ligible  (fig.  40-9).  So,  in  measuring  the  TS  21 
days  after  exposure,  the  TS  value  can  be  con¬ 
sidered  a  reasonable  estimate  of  PTS. 

Discussion 

In  Table  40-1,  the  mean  magnitudes  of  the 
PTS  measured  at  8,  10,  12,  and  16  kHz  fre¬ 
quencies  are  shown  for  the  4  short-duration 
or  intermittent  exposures  of  92  dB  Lcq  For 
the  purpose  of  comparison,  we  determined 
•he  level  of  the  8*hour  continuous  noise  that 
would  produce  the  same  amount  of  PTS 
(kero)  as  cadi  of  the  short  duration  or  inter¬ 
mittent  exposures  of  92  dB  Leq.  If  the  EEP  is 
correct,  then  the  Leq  for  the  long  exposures 
and  the  Lc^  for  the  short  and  fluctuating 
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Figure  40-9  Recovery  of  threshold  following  exposure  to  a  v»  OB\  centered  at  8  kHz.  Upper  left.  240  minutes  x 
1  xl  95  dB,  upper  right.  48  minutes  x  1  at  102  dB.  Io*cr  left.  2  minutes  x  120  at  95  dB.  lower  right.  2  minutes  x 
24  at  102  dB;  Circles,  8  Ulz;  squares.  10  Ulx;  triangles,  12  kHz;  stars.  1 6  kHz. 


noise  exposures  should  all  be  the  same. 
Futhcrmorc,  the  Le^  for  such  exposures 
should  also  be  the  same. 

Table  40-1  shows  that  the  Lef.s  values  for 
short  and  fluctuating  noise  exposures  differed 
by  as  much  as  6  dB  (2  minutes  x  24)  of  the 
Leq  value  of  92  dB,  except  for  the  240-minute 
exposure  of  95  dB,  in  which  the  value  of  the 
Lepras  is  92.2  dB,  very  close  to  the  theoretical 
value  of  Lcq — 92  dB. 

In  lignt  of  the  present  study,  the  Lcq**  ap¬ 
pears  to  overestimate  the  PTS  from  short-dura¬ 
tion  continuous  (48  minutes  at  102  dB)  raid 
intermittent  noise  exposures  (2  minutes  x  24 
at  102  dB,  2  minutes  X  120  at  95  dB)  Ac¬ 
cording  to  the  EEP,  the  mean  magnitudes  of 
the  PTS  presented  in  Table  40-1  would  be 
produced  by  8-hour  exposure  levels  lower 
than  those  actually  used  for  the  present  expo¬ 
sures.  In  spite  of  the  generally  negative  find¬ 
ings  related  to  the  EEP,  the  concept  docs  ap¬ 
pear  to  have  some  predictive  value  for  moder¬ 
ate-intensity  noises  emitted  during  a  relatively 
long  period  (4-hour  exposure  at  95  dB).  This 


point  is  in  agreement  with  the  findings  of  Mar¬ 
tin  ct  al  (1970)  and  Atherley  and  Martin 
(1971)  who,  however,  worked  on  the  effects 
of  impulse  noises.  Whatever  the  nature  of 
moderate-intensity  noises  tested  in  this 
present  study,  the  Lcq  has  the  advantage  of  as¬ 
suming  overprotection  for  employees’  cars. 
From  a  practical  standpoint,  the  Lcq  affords  a 
safe  means  of  estimating  the  hazard  of  short- 
duration,  moderate-intensity  noise  exposures 
that  arc  continuous  or  intermittent.  According 
to  the  literature  (Henderson  and  Hamemtk, 
1986;  Roberto  ct  al,  1985;  Ward  et  al,  1981 ), 
the  EEP  might  be  also  appropriate  for  impact 
noises  at  lower  intensities;  however,  above  a 
“critical  intensity"  of  115  to  119  dB,  the 
amount  of  damage  increases  significantly 
enough  that  the  EEP  would  be  inappropriate 
for  high-level  exposures. 

Concerning  the  effect  of  the  distribution 
of  the  temporal  noise  or  die  rests  on  hearing, 
our  data  indicate  that  the  95-dB  intermittent 
exposures  (2  minutes  x  120)  produce  slightly 
less  PTS  than  the  95-dB  short,  continuous  ex 
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TABLE  -40-1  PTS  Magnitudes  Generated  by  the  intermittent  and 

Short  Continuous  Noises  and  8-Hour  Continuous  Noise 
Lereis  that  Would  Generate  Similar  PTS  Values  (Le  rys) 
at  the  Most  Damaged  Frequencies 


8kHz 

10  kHz 

12  kHz 

16  kHz 

Means 

UPTS 

Leq  92  <3 

Um(cS) 

93.0 

90 7 

915 

934 

927 

240  nwi  x  1 

PTS  value  (<3) 

187 

32.1 

33.9 

29.4 

Leq  92  <3 

897 

87.8 

895 

9L0 

895 

2  m  X  120 

PTS  value  (c3) 

IW> 

263 

31.2 

21.3 

Leq  92  <3 

89.3 

85.8 

852 

877 

87 

43  nai  X  1 

PTS  value  (<3) 

13.4 

14.7 

85 

7.9 

leq  92  <3 

847 

857 

866 

86 

2  men  X  24 

PTS  value  (<3) 

4.1 

6.3 

87 

67 

posures  of  the  same  intensity  and  equal  en¬ 
ergy  (Lem  89-5  dB  versus  Le,^  92.2  dB). 
Similarly,  the  102-dB  intermittent  exposures 
produce  less  PTS  than  the  102-dB  continuous 
noise  (Lc^  86  dB  versus  I  cm  87  dB).  So,  in 
agreement  with  the  results  of  Sattlofif  ct  al 
(1983)  and  Clark  ct  al  (1987X  the  intermit¬ 
tent  noise  exposures  cause  less  damage  to 
hearing  than  continue*  is  noise  exposures  of 
the  same  intensity  and  equal  energy.  The 
slight  reduction  in  PTS  could  be  partly  ex¬ 
plained  by  the  fact  that  die  auditor)'  system 
has  time  to  recover  between  the  noise  phases. 
Thus,  the  cochlea  docs  not  seem  to  react  to 
noise  as  a  passive  receptor,  but  instead  may 
profit  from  a  rest  period  to  recover  from  hear¬ 
ing  fatigue  and  to  improve  its  resistance.  Basi¬ 
cally,  the  intcrstimulus  interval  is  an  important 
variable  that,  by  definition,  the  EEP  fails  to 
take  into  consideration. 

Moreover,  recent  findings  allow'  us  to 
think  that  an  intracochlcar  mechanism  w*ould 
be  able  to  protect  the  cochlea  against  inter¬ 
mittent  or  short  continuous  noises  at  high  in¬ 
tensities.  Such  a  phenomenon  could  be  con¬ 
trolled  by  the  crossed  olivocochlear  bundle 
(COCB)  (Bonfils  ct  aj,  1986;  Brown,  1988; 
Brown  et  al,  1983;  Pud  et  al,  1988a,b,  Siegel 
and  Kim,  1982).  These  particular  studies  show 
a  decrease  of  the  inner  hair  cell  potentials 
(Brown  et  al,  1983)  and  a  punctual  modifica¬ 
tion  of  cochlear  mechanics  (Guinan,  1986, 
Siegel  and  Kim,  1982).  It  is  not  yet  clear 
whether  the  protection  afforded  by  the  COCB 
could  be  effective  for  long-lasting  exposures 


Conclusions 

The  EEP  and,  more  specifically,  the  leq, 
appear  to  be  poor  predictors  of  the  PTS  that 
results  from  moderate-intensity,  short-dura¬ 
tion  continuous  and  intermittent  noise  expo¬ 
sures.  How  c>'cr,  the  error  in  the  prediction  of 
acoustic  hazards  is  consistent  with  the  protec¬ 
tion  of  employees  Indeed,  for  the  intermittent 
or  shorr«Juraiion  continuous  exposures,  the 
icq  overestimates  the  encountered  hearing 
hazards.  At  the  same  acoustic  cncigy,  the  ef¬ 
fects  of  rest  periods  seem  to  allow’  for  expo¬ 
sures  with  higher  levels  of  noise.  If  the  dura¬ 
tion  of  the  recovery'  period  partly  could  ex¬ 
plain  the  bettet  cochlear  resistance  to  these 
particular  noises,  the  role  of  the  efferent  sys¬ 
tem  could  give  us  new'  insights  into  the  phe¬ 
nomenon  of  cochlear  resistance. 

Exposition  intermittente 
at  Principe  d’lsoenergie 

Dans  le  milieu  industries  la  prevention 
dcs  pertes  auditives  cngendr6es  par  le  bruit 
recoil  unc  attention  tou jours  croissante.  Un 
des  problfcmcs  importants  cst  de  disposer  d'un 
indicateur  pratique  pour  cstimer  le  risque  de 
l&ion  cochteaire  vneouru  par  le  personnel  ex- 
po$6  au  bruit. 

Le  Leq^,  base  sur  le  principe  d’egalc  cn- 
ergie,  cst  utilise  commc  criifcrc  d’expositlon 
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12 

95 

2  mn 

2  mn 

120 

92 

I 

895 

mm 

23 
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43  mn 

442  mn 

1 

92 

87.0 

Q 

12 

102 

2  mn 

18  mn 

24 

92 

1 

86.0 

pour  predirc  Ic  traumatismc  acoustiquc.  Hn 
utilisant  cc  principc,  Clark  ct  al.  (1987)  ct 
Sinex  ct  aL  ( 1987)  ont  montrc  quc  la  nocivitc 
dcs  bruits  continus  cst  supcricure  £  ccllc  dcs 
bruits  intermittents.  La  surestimation  dc  la  no¬ 
civitc  dcs  bruits  intermittents  par  !c  Lcq  n’cst 
ccpcndant  pas  bicn  connuc  ct  1c  but  dc  la  prc- 
sente  etude  cst  dc  la  quantifier. 

Dcs  cobaycs  tricolorcs  ont  etc  exposes 
dan'  un  champ  acousiiquc  homogene,  a  un 
bruit  dc  bandc  d'un  tiers  d'oetave  ccntrcc  sur 
8  kHz.  La  durcc  deposition  ctait  dc  1 4  jours. 
Lcs  amplitudes  dcs  dcplacemcnts  permanents 
dcs  scuils  ont  etc  mcsurccs  a  l’aide  d’unc  tech* 
nique  elect rophysiologiquc  chronique,  21 
jours  apres  I'cxposition 

Quatre  groupcs  d’animaux  (Gt  £  G4)  ont 
etc  exposes  scion  Ic  plan  experimental  pre- 
sente  dans  Ic  tableau. 

Par  aillcurs,  quatre  autres  groupcs 
d'animaux  ont  etc  exposes  £  dcs  bruits  dc  85  - 

87.5  -  90  ct  95dB  pendant  8  heures  par  jour. 
Lcs  courbcs  dcs  FTS  en  function  du  niveau 
deposition  ont  etc  utihsces  pour  determiner 
Ic  niveau  du  bruit  continu  dc  “Nocivitc  cquiv- 
alcntc“  (tableau  1).  La  comparaison  des  ampli¬ 
tudes  dcs  PTS  cngcndrfe  par  lcs  expositions, 
aux  bruits  dc  8  heures,  aux  bruits  continus  dc 
courtc  dur£c  (4  h  et  48  mn)  et  aux  bruits  in- 
•ermittents,  montrc  quc,  exccpte  pour  Ic  bruit 
de  4h,  Ic  Lcq^,  surcstime  la  nocivitc  dcs  bruits 
continus  dc  courtc  durcc  ct  intermittents  En 
effet,  pour  les  bruits  intermittents  (Gj  ct  G4), 
lcs  "nociviids  cquivalcntcs”  respectives  sont 

89.5  et  86  dB  alors  qu’ellcs  sont  dc  87  et  92,2 
dB  pour  lcs  bruits  continus  dc  courtc  durdc 
cmis  avee  la  mcmc  Anergic  acoustiquc  (tab¬ 
leau  1). 

Pour  I’cxposition  continue  dc  4  h  £  95  dB 
SPJL  le  Lcq^  (92  dB)  scmblc  un  bon  indica¬ 
tor  puisque  Ic  niveau  dc  bruit  continu  dc  no- 
civit6  equivalent  cst  d'environ  92  dB,  La 
mcilleure  resistance  de  la  cochlcc  aux  bruits 
intermittents  ou  continus  de  faiblc  durcc  peut 
s'expliqucr  en  partic  par  la  dur£c  de  la  peri- 
ode  dc  recuperation  mais  Ic  role  du  systtmc 


efferent  pourrait  apporter  un  nouvcl  cclairagc 
sur  lcs  phenomcnes  dc  resistance  cochlcairc. 
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CHAPTER  41 


Individual  Variability  of 
Noise-Induced  Hearing  Loss 

ERIK  BORG 
BARBARA  CANLON 
BERIT  ENGSTROM 


Individual  variability  in  noise-induced  perma¬ 
nent  threshold  shift  (NinTS)  has  been  a  puzzle 
and  a  nuisanee  for  the  researcher  as  well  as 
those  responsible  for  occupational  noise  envi¬ 
ronments  and  individual  risk  evaluation.  There 
are  numerous  possible  sources  for  the  ob¬ 
served  variability,  some  of  these  sources  arc 
listed  in  Table -f  1-1. 

To  address  the  problem  of  variability,  a 
series  of  experiments  were  performed  in  the 
sync  animal  species  (the  small  chinchilla  rab¬ 
bit),  with  a  specified  set  of  exposure  and  re¬ 
cording  conditions.  The  aim  of  the  present 
study  was  to  describe  and  analyze  the  individ¬ 
ual  variability  of  N1PTS  in  rabbits,  specifically; 

1.  To  determine  the  dependence  of  hear¬ 
ing  loss  on  the  level  of  a  standardized 
exposure  noise 

2.  To  determine  individual  variability  un¬ 
der  different  exposure  conditions 

3.  To  assess  the  relative  contribution  of 
measurement  error  with  respect  to 
threshold  determination 

4.  To  determine  whether  individual  vari¬ 
ability  was  stable  or  varied  with  time 

5.  To  study  the  nature  of  possible  fluctua¬ 
tions  in  susceptibility  over  time 

Material  and  Methods 
Animals 

Adult  rabbits  of  the  small  chinchilla  strain 
of  both  sexes  were  used  The  animals  were  in 
the  age  range  3  to  10  months  at  the  time  of 
exposure.  Between  tests  they  were  kept  in  a 


quiet  animal  room  with  free  access  to  food 
and  water. 

Hearing  Threshold 
Determination 

Frequency-specific  clcctrophysiologic  au¬ 
ditory  thresholds  were  obtained  using  the  au¬ 
ditory  brain  stem  response  (ABR)  The  tech¬ 
nique  has  been  described  in  detail  earlier 
(Borg  and  Engstrom,  1983,  1989)  Thresholds 
were  obtained  at  0.5,  1.0,  20,  3  15,  4  0,  63, 
80,  12.5,  160,  and  20  0  kHz  with  narrow¬ 
band-filtered  single,  full-cycle  sine  waves  The 
average  of  2,000  epochs  with  a  lime  window 
of  10  or  1 5  ms  was  evaluated  for  threshold  de¬ 
termination. 


Noise  Exposure 

Four  different  exposure  conditions  were 
used. 

A.  Longterm,  binaural  sound  field  expo¬ 
sure 

B  Short-term  and  high-level,  unilateral 
sound  field  exposure 

C.  Short-term,  monaural  exposure  with  a 
closed  delivery  system 

D.  Short-term,  monaural  exposure  with  a 
closed  delivery  system  fitted  with  an 
car  canal  microphone 

The  sound-field  exposures  (A  and  B)  have 
been  described  earlier  (Engstrom  and  Borg, 
1981,  Borg  and  Engstrom.  1989)  The  animals 
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TABLE  41-1  Sources  of  Individual  Variability  of  Noise-Induced 
Permanent  Threshold  Shift 


I.  Inaccurate  or  inappropriate  description  of  the  exposure  noise 

L  Individual  variation  of  performance  at  the  work  place  leading  to  ndnidtoHy  different  exposures  in  individual 
ears— variation  in  quantity  and  quality  of  ear  protector  use 

3.  The  sound  tnramsskxi  system  of  the  ear  canal  middle  ear.  and  stapedius  muscle  function,  including  pathologic 
middle-ear  conditions 

4.  Specific  susceptibility  of  the  critical  structures  and  processes  in  the  inner-ear  (e  g„  hair  cell  sensory  hairs,  supporting 
ceils,  blood  vessels,  membranes) 

5.  Physiologic  (actors  influencing  the  function  of  the  inner  ear,  e.g,  Wood  flow,  sympathetic  innervation,  efferent 
innervation,  hormones,  and  endolymphatic  and  penlymphatic  physiology 

6.  Other  causes  of  hearing  loss.  e.g,  infections,  toxic  substances,  drugs,  and  spontaneous  inner-ear  degeneration  due 
to  heredity  or  aging 

7.  Interaction  with  other  ergonomic  factors  such  as  work  load,  vibration,  temperature,  toxic  substances,  and  radotion 

8.  Errors  m  determination  of  hearing  threshold,  hearing  threshold  is  an  inadequate  and  incomplete  measure  of  the 
physiologic  and  morphologic  damage  actually  present 
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Figure  41-1  Closed  exposure  system  with  clecirct  ml- 
crophonc  control.  Continuous  recording  of  exposure- 
noise  Icsel  (top)  and  spectrum  in  the  car  canal  of  an 
awake  animal  exposed  at  !3l  dB  SPL 

were  exposed  in  a  large  box  for  512  hours  at 
85  dB  SPL  (condition  A)  or  in  a  small  box  for 
30  minutes  at  1 15  dB  SPL  (condition  B).  Both 
cars  were  exposed  In  condition  A,  whereas 
one  car  was  plugged  in  condition  B.  Maximum 
noise  energy  was  between  2  and  7  kHz  in 
both  cases.  In  both  conditions,  sound  level 
varied  within  a  maxima!  range  of  3  to  4  dB. 

The  closed  acoustic  system  (conditions  C 
and  D)  consisted  of  an  Oticon  Power  body- 
worn  hearing-aid  telephone  connected  to  a 
4-cm  tube.  The  tube  was  anchored  to  the  car 
canal  and  sealed  with  Xantoprene.  In  condi¬ 
tion  D,  a  Knowles  elcctret  microphone  was 
embedded  in  the  proximal  end  of  the  tube, 
near  the  eardrum.  The  exposure  noise  was 
generated  by  a  General  Radio  1385  noise  gen 
crator  and  a  Fonema  attenuator-amplifier.  The 
level  and  spectrum  of  the  noise  arc  illustrated 
in  Figure  41-1,  which  shows  a  continuous 
level  recording  during  the  exposure  and  the 


Middle  Ear  Sand  Pressure 


Frequency  (kHj) 

Figure  41-2  Spectrum  of  the  exposure  noise  obtained 
with  a  probe  microphone  sealed  to  the  middle  car  of  a 
freshly  killed  animal  The  different  curves  arc  obtained 
at  repeated  replacements  of  the  exposure  ear  phone 
They  arc  displajed  with  a  10-<JB  vertical  shift 


spectrum  obtained  with  the  elcctret  micro¬ 
phone  at  the  beginning  and  at  the  end  of  the 
exposure.  Figure  41*2  shows  the  spectrum  ob¬ 
tained  with  a  probe  microphone  introduced 
into  the  car  canal  of  a  freshly  killed  animal 
The  stability,  as  well  as  the  frequency  of  max¬ 
imum  energy,  is  illustrated 


Results 

Dependence  on  Sound  Level 

The  growth  of  loss  of  ABR  threshold  as  a 
function  of  increasing  exposure  noise  level  is 
shown  in  Figure  41-3  Figure  41-3A  shows  the 
average  audiograms  of  groups  of  10  to  20  cars 
exposed  with  the  closed  system  for  15  min¬ 
utes  between  122  and  137  dB  SPL.  With  expo 
sures  of  122  and  125  dB  the  threshold  loss  ex¬ 
ceeds  10  dB  at  only  one  frequency  At  levels 
of  1 28  dB  and  higher,  the  threshold  loss  is  sig¬ 
nificant  and  increases  in  proportion  to  the  ex¬ 
posure  level  Tlie  frequency  for  maximum  loss 
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Hcirng  toss  as  a  function  cl  exposure  level 


Dependence  on  Intensity 


StmArt  level  (d3  SPL)  for  Cmnutts 


Figure  41*3  Left,  Average  auditory  brain  stem  respoa^c  (ABR)  threshold  loss  (rc  normal  controls)  for  groups  of 
animals  exposed  with  a  closed  system  at  different  levels  for  15  minutes.  Right,  Growth  of  threshold  loss  (average  of 
2  and  4  kHz)  as  a  function  of  exposure-noise  level. 


Figure  4 1*4  Left,  Average  (iSD)  auditory  brain  stem  response  (ABR)  threshold  loss  for  rabbits  exposed  to  low- 
level  (85  dB  SPL)  long  term  noise.  Right,  Average  (±SD)  ABR  threshold  loss  for  rabbits  exposed  to  high  level  (115 
dB  SPL)  short  term  noise  with  the  same  frequency  composition  and  total  energy. 


is  shifted  from  2  kHz  at  the  lower  exposure 
levels  to  4  and  6  3  kHz  at  the  highest  expo¬ 
sure  levels.  Figure  41*3 8  shows  the  mean 
value  of  the  hearing  loss  at  2  and  4  kHz  as  a 
function  of  exposure  sound  level  between  122 
and  137  dB  SPL.  The  increase  in  threshold 
with  noise  level  is  roughly  linear,  with  about  a 
45-dB  increase  in  hearing  loss  for  the  15-dB 
increase  in  exposure  sound  level.  Further* 
more,  the  variance  is  larger  the  higher  the  ex¬ 
posure  level  (p  <  001).  It  can  be  seen  from 
Figure  41-3/1  that  it  is  important  which  fre¬ 
quencies  are  used  for  quantification  of  the 
hearing  loss.  If,  for  instance,  6  3  kHz  was  cho¬ 
sen,  there  would  be  a  threshold  for  damage  at 


134  dB  SPL  and  a  rapid  rise  above  that  level 
The  quantification  at  2  and  4  kHz,  on  the 
other  hand,  indicates  a  threshold  at  122  dB 
SPL  for  15  minutes  of  exposure. 


Individual  Variability 
Under  Different 
Exposure  Conditions 


The  average  and  standard  deviation  of  loss 
of  ABR  threshold  for  four  different  exposure 
conditions  are  shown  in  Figures  41-4  and 
41-5.  Figure  4 1-4 A  shows  the  group  exposed 
in  a  sound  field  at  85  dB  SPL  for  512  hours, 
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Figure  41-5  Left ,  Average  threshold  loss  for  rabbits  exposed  with  a  hearing  aid  telephone  connected  to  the  ear 
with  a  4  cm  tube.  Level  and  spectrum  control  was  via  an  electret  microphone  In  proximal  end  of  tube  Right,  Aver 
age  threshold  loss  using  the  same  exposure  system  without  electret  microphone  control. 


Figure  41*6  Average  (-SO)  loss  of  auditory*  brain- 
stem  response  (ABR)  threshold  for  awake  and  for  ancs- 
thetized  rabbits  i 20  cars  in  each  group  X 


both  cars  simultaneously.  Figure  41-4/1  shows 
animals  receiving  the  same  exposure  dose  but 
for  only  30  minutes  m  a  sound  field.  Only  one 
ear  was  exposed,  A  comparison  of  Figure 
4 1*4 A  and  41-4 li  shows  that  the  standard  devi¬ 
ation  is  slightly  larger  for  the  data  shown  in 
Figure  4 1*4  A. 

Figure  41*5  shows  the  threshold  loss  after 
exposure  in  a  closed  sound  system  to  131  dI3 
SPL  for  15  minutes  This  better-controlled  ex¬ 
posure  was  tested  m  two  conditions,  with  (A) 
and  without  (B)  electret  microphone  control 
over  the  sound  level  and  spectrum.  Although 
the  sound  level  could  be  adjusted  only  in  case 
A,  there  was  no  difference  in  the  standard  de¬ 
viation  between  the  two  groups.  In  fact,  the 


change  in  the  sound  level  was  less  than  1  dB, 
and  adjustments  were  seldom  necessary  (sec 
Fig-  41*1). 

One  additional  step  was  taken  to  mini¬ 
mise  individual  variability  The  animals  were 
exposed  to  noise  during  deep  pentobarbital 
anesthesia.  The  nonanesthetized  rabbits  were 
also  sitting  quietly,  although  unrestrained,  dur¬ 
ing  the  15  or  30  minutes  of  exposure  with  the 
dosed  system.  With  anesthesia,  however,  one 
has  to  assume  that  the  physiologic  control  sys¬ 
tems,  middle-car  muscle  reflexes,  efferents  and 
sympathetic  nerves,  and  possibly  also  hor* 
monal  systems,  arc  stabilized  Figure  4 1-6 
shows  the  mean  valves  and  standard  deviation 
of  anesthetized  and  unanesthetized  animals 
exposed  to  the  same  noise.  It  can  be  seen  that 
the  region  of  maximum  damage  is  shifted 
one  octave  and  increased  in  the  anesthetized 
animals  (significant  at  4,  6  3,  and  8  kHz; 

p  <  001). 

The  variance  within  the  different  groups 
was  analyzed  statistically  (ANOVA),  and  all  ex¬ 
posure  groups  showed  a  larger  standard  devia 
lion  than  the  anesthetized  animals  exposed 
under  closed  conditions,  the  nonanesthetized 
rabbits  exposed  with  the  y  system  closed  (p  < 
005,  F  5,1),  short-term  sound  field  exposed 
animals  (p  <  001,  F  =  7,9),  and  long  term 
sound 'field-exposed  animals  (p  <  001,  F  == 
10  5).  The  gradual  increase  of  the  F-values 
shows  that  the  variability  in  the  exposure  in 
creases  the  more  “natural”  the  exposure  con¬ 
ditions  are,  i  c ,  the  more  naturally  active  and 
less  controlled  the  exposure  conditions  are 
Even  though  the  animals  were  anesthetized, 
there  was  substantial  individual  variability 
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T«t- Retest  Variability 


Figure  41-7  Test  retest  variability  in  normal-hearing  rabbits  (left)  and  noise  exposed  rabbits  (eight)  Two  measure¬ 
ments  were  taken  for  each  animal 


Sources  of  Variability 
Hearing  Threshold  Assessment.  The 
ABR  thresholds  were  determined  on  two  oc¬ 
casions,  each  for  one  group  of  normal-hearing 
animals  and  one  group  of  nolse-daniagcd  ani¬ 
mals.  Tlic  thresholds  were  assessed  without 
knowledge  of  the  previous  results,  only 
whether  the  animal  was  exposed  or  not.  The 
results  are  shown  in  Figure  41-7.  The  range, 
median,  mean,  and  scmi-intcrquantilc  range 
(P75)  arc  Illustrated,  At  no  frequency  did  P75 
exceed  5  dB;  the  median  was  2.5  dB  or  less 
for  all  but  two  test  frequencies.  The  range  of 
threshold  shift  was  5  or  10  dB  for  most  fre¬ 
quencies  and  did  not  exceed  10  dB  for  any 
frequency  in  the  exposed  animals.  The  range 
ol  the  test-retest  difference  was  less  than  7.5 
dB  for  the  mean  value  of  the  two  usually  af¬ 
fected  frequencies,  2  and  4  kHz, 

We  also  investigated  whether  the  variabil¬ 
ity  was  smaller  when  individually  determining 
pre-exposure  and  postexposure  thresholds 
than  when  relating  the  postexposure  thresh¬ 
old  to  the  mean  of  a  normal  population  of 
nonexposed  animals.  The  standard  deviations 
for  the  two  procedures  were  practically  iden¬ 
tical,  which  means  that  we  could  use  the  sim 
pier  and  safer  procedure  of  relating  thresholds 
to  a  normal  population.  The  normal  threshold 
for  rabbits  was  assessed  earlier  m  a  separate 
group  of  30  rabbits  (Engstrtfm  &  Borg,  1983) 
Therefore,  in  our  standard  procedure,  only  as¬ 
sessment  of  pre  exposure  thresholds  at  2,  4, 
and  12  kHz  were  included  in  order  to  identify 
animals  presenting  with  ear  problems  (a  very 
unusual  condition  in  our  rabbits).  Statistical 
analysis  showed  that  less  than  20  percent  of 
the  standard  deviation  of  the  hearing  loss  (3 
percent  of  variance)  between  animals  could 
be  explained  by  uncertainty  in  threshold  de¬ 


termination,  Other  factors  must  play  a  consid¬ 
erably  greater  role  in  individual  variability  af¬ 
ter  noise  exposure. 

Mctliod  for  Quantification  of  the 
Noise-Induced  Lesion.  The  threshold  loss 
can  be  quantified  as  the  value  at  one  particular 
frequency',  mean -value  in  a  certain  frequency 
range,  or  across  the  whole  audiogram.  Ten 
groups  of  rabbits  exposed  at  high  level  (115 
to  137  dB  SPL)  for  short  duration  (15  to  334 
minutes)  were  used  for  an  analysis  of  the 
value  of  the  coefficient  of  variance  (SD  di¬ 
vided  by  mean)  for  different  combinations  of 
evaluated  audiometric  frequencies.  A  total  of 
164  animals  were  evaluated.  In  the  different 
groups,  the  maximum  loss  was  seen  at  2  or  4 
kHz,  The  coefficient  of  variance  was  largest 
when  the  whole  frequency  range  of  the  audio- 
gram  was  evaluated.  The  next  largest  value 
was  seen  at  4  kHz.  The  coefficient  of  variance 
was  nearly  the  same  for  2  kHz  and  for  the 
mean  value  2  and  4  kHz.  In  order  to  get  the 
best  stability,  a  small  coefficient  of  variance, 
and  independence  from  shift  of  the  peak  of 
hearing  loss,  the  mean  value  of  2  and  4  KHz 
was  selected  for  standard  evaluation  of  the  au¬ 
diograms  in  the  present  series  of  studies 

Postexposure  Time.  Obviously,  if  the 
threshold  determination  is  made  too  dose  to 
the  end  of  the  exposure,  there  will  be  a  com¬ 
ponent  of  TT5  In  this  study,  ITS  was  avoided 
by  making  measurements  approximately  3 
weeks  after  the  end  of  the  exposure. 

Exposure  Level  and  Frequency.  The 
most  obvious  source  of  variability  is  the  expo¬ 
sure  stimulus  and  the  measurement  thereof  In 
an  occupational  situation,  the  exposure  is  usu 
ally  measured  at  a  standardized  position  in  re¬ 
lation  to  the  noise  sources,  or  with  a  dosime- 
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ter  placed  on  Ihe  subject.  In  anitml  experi- 
moH5.  better  control  of  the  exposure  is  usu- 
alh'  possible  As  shown  in  the  previous 
section,  there  is  a  significant  decease  in  the 
standard  deviation  in  dosed  exposure  condi- 

tions  imphingsoraevviui  better  control  of  the 
exposure  However,  even  in  the  closed  system 
with  sound  calibration  in  the  C2r  canal. "there 
is  vet}-  large  individual  variability.  The  individ- 
ual  values  can  be  recalculated  to  equivalent 
exposure  levels  assuming  a  oiie-toone  rela¬ 
tion  between  exposure  level  and  hearing  loss. 
For  the  animals  exposed  to  131  dB  for  IS  min¬ 
utes  with  the  closed  system,  the  individual 
threshold  curves  are  shown  in  Figure  -i  1-8. 
The  animals  with  the  least  hearing  loss  have  a 
threshold  curve  corresponding  to-  the  mean 
threshold  for  the  group  exposed  to  122  dB, 
and  the  animals  with  the  largest  hearing  loss 
have  a  threshold  curve  corresponding  to  the 
mean  value  for  the  group  exposed  to  13-1  dB. 
There  is  thus  a  12-dB  range.  It  is  highly  un¬ 
likely  that  such  a  large  variability  could  be 
caused  by  variations  in  the  exposure  sound  it¬ 
self.  Only  very  small  adjustments  of  the  atten¬ 
uator  were  needed  to  obtain  131  dB  SPL  in 
the  car  canal  of  each  animal.  Furthermore,  we 
measured  sound  pressure  level  in  the  middle 
car  with  an  acoustic  probe.  The  exposure  sys¬ 
tem  was  replaced  several  times  and  manipu¬ 
lated.  We  found  variations  in  Ihe  total  sound 
pressure  in  the  middle  car  of  less  than  1.5  dB 
and  minor  dev  iations  of  the  spectrum  (Fig.  -f  1- 
2),  The  relatively  low  exposure  frequency 
chosen,  with  maximum  energy  between  2  and 
-1  Mia,  also  makes  the  ear-canal  resonances 


and  directional  effects  for  these  vnl  2~anis 
of  little  importance. 

Specific  Individual  Susceptibility. 
The  2mmais  participating  in  the  present  stujv 
were  obtained  from  the  same  breeder  and 
were  ail  of  the  small  ebmehtlla  strata  This 
means  lha  the  range  of  inherent  susceptibility 
cm  be  expected  to  be  lower  than  in  an  vase- 
lected  animal  population  or  in  a  human  popu¬ 
lation  exposed  to  an  occupational  noise. 

The  main  issue  of  the  present  anahsis  was 
to  identify  a  possible  stable  indhidualrpcciSc 
susceptibility  factor.  Because  we  used  aiilat- 
eral  noise  exposure  and  a  nomraumaric 
method  for  evaluation  of  hearing,  it  was  possi¬ 
ble  to  expose  and  test  the  two  cats  indepen¬ 
dently  and  repeatedly  The  stable  individual 
susceptibility  factor  would  appear  as  a  larger 
or  a  smaller  amount  of  damage  to  both  cars  of 
each  animal,  even  if  the  two  cats  were  ex¬ 
posed  at  a  time  interval  of  several  days.  In  two 
senes  of  experiments  in  the  closed  svxtem 
with  and  without  the  car-canal  microplionc, 
the  variances  within  and  between  animals 
were  compared  for  cars  exposed  on  different 
days.  In  none  of  the  tw  o  series  was  there  a  sig¬ 
nificant  difference  in  variance  between  the 
cats  of  the  same  or  between  different  individ¬ 
uals. 

in  the  long-term,  sound-field  exposed  ani¬ 
mals  (condition  A),  the  variance  between  ani¬ 
mals  was  197;  the  variance  between  cats  was 
lli.  substantially  (but  not  significantly) 
lower.  This  smaller  difference  between  the 
ears  than  between  the  individuals  in  the  long¬ 
term  exposed  animals  might  indicate  that 
there  is  also  an  individual-specific  susceptibil¬ 
ity  factor  that  is  stable  over  lime,  but  not  evi¬ 
dent  in  the  short-term  exposures.  These  find¬ 
ings  can  be  explained  by  individual  suscepti¬ 
bility  to  noise  damage  that  varies  with  time 
The  results  can  also  be  explained  by  a  sta¬ 
ble  ear  factor  that  differs  between  the  two 
ears  of  the  same  individual  as  much  as  be¬ 
tween  different  individuals  in  this  homoge¬ 
neous  group  of  animals.  One  obvious  car-spe¬ 
cific  factor  is  the  individual  auditoty  threshold 
of  the  car  before  the  exposure.  Good  hearing 
(eg.,  a  low  threshold)  may  mean  that  the  ef¬ 
fective  sound  pressure  in  the  inner  car  will  be 
large  upon  exposure,  and  thereby  C3usc  a 
greater  loss.  However,  the  threshold  of  ABR 
before  exposure  showed  only  a  slight  (insig¬ 
nificant)  negative  correlation  with  the  final 
size  of  the  loss.  Furthermore,  there  was  no  dif¬ 
ference  in  the  hearing  loss  between  the  right 
and  the  left  ear,  no  difference  between  males 
and  females,  and  no  difference  as  a  function  of 
age  (which  ranged  from  3  to  10  months). 
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figure  41-9  tbSaaxc  la  acdaocy  br2=v»co  re¬ 
sponse  (AB3t)  chrohold  loss  between  the  two  cars  2$  a 
function  of  lateral  between  exposures  (131  <JB  SPL 
tor  I5nssa>, 

Time-Varying  Susceptibility 

The  time  between  exposure -and  measure¬ 
ment  of  threshold  was  7  to  50  days,  with  most 
animals  measured  approximately  3  weeks  after 
exposure  There  ./as  no  difference  in  the 
mean  values  for  those  measured  between  7 
and  10.  10  and  20,  and  >20  days  after  expo¬ 
sure:  To  avoid  temporary  threshold  shift,  most 
of  the  animals  were  measured  between  2  and 
3  weeks  after  the  exposure. 

The  degree  of  the  hearing  loss  might  be 
related  to  time  of  year  during  exposure.  The 
hormonal  cycles  of  rabbits  have  a  time  varia¬ 
tion.  which]  however,  has  not  been  assessed 
for  our  animals.  We  have,  howcv  cr.  not  been 
able  to  identify  any  seasonal  variation  in  the 
size  of  the  hearing  loss.  The  variance  was  not 
larger  for  females  than  for  males,  indicating  a 
minimal  influence  of  female  hormonal  cycles. 

A  temporal  variation  in  the  susceptibility 
might  be  studied  more  closely  in  animals,  the 
cars  of  which  were  separately  exposed  with 
different  time  intervals.  One  would  expect  the 
difference  between  the  ears  to  be  smallest  if 
the  cars  were  exposed  simultaneously  and 
gradually  increasing  with  increasing  time  in¬ 
terval.  figure  4 1-9  shows  the  absolute  value  of 
the  difference  in  hearing  loss  between  the  two 
ears.  Animals  exposed  at  an  interval  of  10  to 
50  days  show  a  larger  variation  and  a  signifi¬ 
cantly  larger  mean  difference  than  the  animals 
exposed  simultaneously.  It  %  however,  not 
clear  in  this  material  if  there  is  any  cyclic  vari¬ 
ation  or  a  random  variation  in  noise  suscepti¬ 
bility  as  a  function  of  time 

Repeated  Exposures 

of  the  Same  Ear 

Because  the  NIPTS  after  the  131-dB  15* 
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figure  41-10  Threshold  loss  for  individual  can  ex¬ 
posed  to  identical  oo^sc  on  two  different  occasions  at 
least  3  weeks  apart.  Shaded  areas  show  loss  after  first 
exposure:  L-gfet  areas  show  loss  after  the  second  expo 
sure  For  two  anxnub  no  adduiooal  loss  was  seen,  and 
for  ocx:  anmal  (he  loss  after  the  second  exposure  was 
smaller  than  the  loss  after  the  first  exposure. 


minute  exposure  was  rather  small,  die  expo¬ 
sure  could  be  repeated  without  the  risk  of 
reaching  a  ceiling,  figure  41-10  shows  the 
NIPTS  (mean  value  of  2  and  4  kHz)  after  two 
exposures  of  the  same  ear  with  an  interval  of 
more  than  3  weeks  between  exposures.  The 
shaded  bars  show  the  NIPTS  after  the  first  ex¬ 
posure.  and  the  light  bars  show'  the  loss  after 
the  second  exposure.  The  general  impression 
is  of  a  large  difference  between  first  and  sec¬ 
ond  exposure  for  most  animals — thus,  no  sta¬ 
ble  susceptibility  factor.  Four  animals  showed 
no  increase  of  threshold  loss  after  the  second 
exposure.  If  the)*  were  excluded  as  “drop¬ 
outs,*  the  variance  after  one  exposure  was 
190,  and  after  two  exposures,  39.  The  addi¬ 
tional  exposure  alone  had  a  variance  of  192 
There  was  a  strong  negative  correlation  be¬ 
tween  the  sizes  of  the  losses  from  the  first  and 
the  second  exposures  (r  -  -0.9).  There  was 
an  insignificant  (negative)  correlation  be¬ 
tween  the  size  of  the  threshold  loss  produced 
by  the  first  and  the  second  (additional)  expo 
surcs,  if  all  animals  were  included.  This  exper 
iment  failed  to  show  a  stable  individual  sus¬ 
ceptibility  factor,  but  the  observations  could 
be  explained  by  a  time-varying  susceptibility 
These  results  d'ifer  from  the  results  obtained 
fror.i  the  training  experiments  (Canlon  ct  al, 
1988),  because  the  present  animals  had  a  sub¬ 
stantial  permanent  threshold  shift  after  the 
first  exposure.  In  the  training  experiments, 
Canlon  ct  al  selected  parameters  which  would 
produce  neither  a  temporary  nor  a  permanent 
shift  of  the  threshold  after  the  training  expo¬ 
sure. 
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Summary  of  Results 

1.  Intense  noise  exposure  yields  a  penna- 
snt  hearing  less,  which  becomes  sta¬ 
ble  2ftcr  2bout  I  week  in  rabbit 

—  Hearing  loss  increases  approximately 
as  a  linear  /unction  of  sound  level  2nd 
shows  a  distinct  knee-point  at  low  en¬ 
ergy  for  the  parameter  combination 
used. 

3-  The  frequency  range  for  maximum 
damage  is  shifted  upwards  for  Higher 
noise-exposure  IcveL 

4 .  It  is  not  appropriate  to  evaluate  the 
threshold  shift  at  any  single  frequency. 

5-  Variance  increases  as  a  function  of  ex¬ 
posure  dose,  compatible  with  the  ef¬ 
fect  of  an  individual  susceptibility  fac¬ 
tor  (stable  or  varying  over  time). 

6.  The  standard  deviation  of  the  auditory 
threshold  determination  explains  only 
3  percent  of  the  variance  between  ani¬ 
mals. 

7.  Improved  control  over  exposure  con¬ 
ditions  decreases  the  variability  to 
some  extent,  but  leaves  considerable 
variability  despite  continuous  control 
of  sound  pressure  and  spectrum  in  the 
ear  canal. 

8.  There  is  only  a  small  stable  individual- 
specific  susceptibility  factor.  The  pre¬ 
exposure  hearing  threshold  docs  not 
correlate  with  the  size  of  the  hearing 

loss. 

9.  There  is  evidence  that  susceptibility  to 
NIPTS  varies  over  time. 

Conclusion 

The  main  finding  is  the  lack  of  a  dominat¬ 
ing  stable  individual-specific  susceptibility  fac¬ 
tor,  but  there  is  evidence  that  noise  suscepti¬ 
bility  varies  over  time. 

The  minimal  role  of  a  stable  individual- 
susceptibility  factor  is  interesting.  It  might  be 
caused  by  the  use  of  a  homogeneous  animal 
strain  from  the  same  breeder.  However,  de¬ 
spite  the  genetic  homogeneity,  the  individual 
variability  was  substantial.  The  hypothesis  pre¬ 
sented  on  the  basis  of  our  findings  is  that  sus¬ 
ceptibility  is  time-varying.  A  temporal  varia¬ 
tion  in  a  critical  noise  intensity  has  earlier 
been  suggested  b)  Kiicdi,  193  f.  More  re¬ 
cently,  Saunders  ct  al  ( 1985)  came  to  a  simi»ar 
conclusion  on  the  basis  of  a  literature- survey 
and  suggested  the  possible  existence  of  a 
probabilistic  damaging  process.  Davis  ct  al 


( 1950)  reported  results  compatible  with  fluc¬ 
tuations  in  sosccptiUHry  over  lime  in  studies 
on  repeated  TTS  in  the  same  individuals.  In  a 
series  of  experiments  with  binaural  exposure 
to  impact  or  continuous  noise.  Greoner  ct  al 
(1990)  found  a  high  left-right  corrdatjon.  but 
a  large  intcrindividual  variability.  These  find¬ 
ings  are  in  accordance  with  our  finding  of  a 
small  imraindividttal  variability  when  the  two 
cars  were  exposed  simultaneously.  Con¬ 
versely.  Lindgren  and  Axrfsson  (1985)  found 
a  highly  rcproducrtxc  TTS  in  humans.  The  de¬ 
tails  of  the  temporal  variations  insusceptibil¬ 
ity  haYc  not  been  possible  to  identify,  eg, 
whether  the  susceptibility  varies  randomly  or 
with  a  regular  cyclic  pattern.  JK  much  larger 
sample  is  needed  to  settle  this  question. 

Although  the  underlying  mechanisms  be¬ 
hind  the  temporal  variability  of  susceptibility 
arc  not  known,  the  steadily  growing  body  of 
information  about  the  active  nature  and  bio¬ 
logic  properties  of  lair  ccIJsand  neural  con¬ 
trol  of  the  iiuicr  car  is  relevant  Such  mecha¬ 
nisms  arc  likely  to  be  capable  of  temporal  vari¬ 
ations  in  function  and  resistance  to  damage 
like  other  complex  somatic  and  mental  func¬ 
tions.  We  know’  that  mental  and  physical  fit¬ 
ness  varies  in  a  way  that  is  only  partly  predict¬ 
able  and  tha’t  is  influenced  by  numerous  exter¬ 
nal  and  internal  processes.  The  recent  findings 
of  changes  of  susceptibility  after  earlier  ‘train¬ 
ing"  support  the  view  that  NIPTS  is  a  dynamic 
process  (Canlon  ct  al,  1988). 

Variabilite  de  I:- 
Susceptibilite  Inter  et 
Intra-lndividuelle  des 
Deficits  Auditifs:  Etude 
chez  FAnimal 

La  variabilite  de  l'importance  des  pertes 
audilivcs  dues  au  bruit  cst  un  problcme  pour 
1'application  de  entires  de  risques  de  dom- 
mages,  aussi  bicn  que  pour  les  rccherches  cx- 
pcrimeniales  sur  Ic  bruit.  D'a litre  part,  la  vari¬ 
ability  peut  indiquer  la  presence  de  processus 
biologiques  inconnus,  dont  la  connatssance 
ncut  avoir  son  importance  &  la  fois  pour  cc 
problcme,  pour  les  pertes  auditives  includes 
par  1c  bruit,  ct  pour  la  biologic  de  I’orcillc  in¬ 
terne.  Dans  des  series  d’cxpcricnces  sur  des 
lapins,  nous  avons  analysd  plusicurs  aspects  de 
la  variabilite  ct  de  la  perte  de  scuils,  ainsi  que 
les  dommages  aux  cellules  cilices,  Les  ani- 
maux  ont  etc  exposes  de  fa^on  unilateral  ou 
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tafatcaJc  dans  un  systemc  acoustiquc  fcnuc 
ou  <bns  un  “champ  dc  broil.”  avec  ou  sans  an¬ 
esthesia  2  varictes  dc  bpins  ont  etc  milisccs. 
dc  petiLS  chinchillas  ct  dcs  Lapins  albinos.  Dc 
phis  un  groupc  dc  cohzyes  tricotorcs  ct  dc 
rats  albinos  ont  etc  indus  dans  impotence  a 
dcs  fins  dc  comparison.  imposition  staixbrd 
ctait  un  bruit  dc  bandede  2  kHz  ct  delivrc  par 
un  systemc  “Oticon  Power  Hearing  Aid”  di¬ 
rect  cm  ent  dans  Ic  conduit  auditif  pendant  1> 
minutes  a  131  dB  SPL  Uric  grande  variability 
indhidudlc  a  etc  ohscrvcc.  la  variability  entre 
Ics  deux  ordllcs  dun  mane  animal  expose  a 
diflerentes  occasions  ctait  la  mcrac  que  la  vari¬ 
ability  entre  differ ents  animaux.  L'influcncc 
d  une  variation  controlcc  dans  Ic  “champ  dc 
bruit"  ct  dans  Imposition  au  son  a  etc  ctudice 
cn  comparant  Ics  expositions  dans  Ic  "champ 
dc  bruit"  ct  cclles  cn  circuit  ferma  la  vari¬ 
ance  ctait  Icgcremcnt  mais  significativcmcnt 
plus  petite  dans  imposition  cn  circuit  fermc. 
L'influencc  dcs  fact  curs  scnsibles  a  lanesthcsic 
a  etc  analysce  cn  comparant  la  variability 
apres  exposition,  avec  ou  sans  anesthesia 
imposition  avec  ancsihcsic  donnait  unc  pe¬ 
tite  mais  significative  diminution  dc  la  vari¬ 
ance 

L’ccart  dc  variability  corrcspondait  a  unc 
variation  equivalcnte  du  niveau  dmposition 
dc  12  dB,  plus  elevee  que  la  variation  mcsurce 
dans  Ic  niveau  dmposition.  La  contribution 
dc  la  variability  d’cvaluation  du  scuil  ctait 
sculcmcnl  dc  3%  dc  la  variance  totala  la  vari¬ 
ance  pour  Ics  expositions  binaurales  stmul- 
tanees  ctait  plus  petite  que  la  variance  entre 
Ics  oreilles  cxposces  avec  un  dyealage  dc 
temps.  On  n’a  pas  remarque  d'infiucncc  ni  du 
sexe  ni  dc  l’agc  (pour  Ics  animaux  adultes). 
Ics  bpins  albinos  montraient  dcs  penes  audi- 
lives  significativcmcnt  plus  grandcs  que  Ics 
chinchillas.  Lcs  animaux  avec  Ics  muscles  dc 
I’orcillc  mo)cnnc  coupys  ou  lcs  animaux  sous 
ancsthdsic  montraient  dcs  penes  auditives  ex* 
agcrccs.  Ccs  result  a  ts  montrent  que  la  variabi¬ 
lity  dc  la  susceptibility  au  bruit  cst  un  phe* 


nometr  variant  n.*c  Ic  temps,  avec  dcs  con- 
tribe tiu.is  dc  mccanismcs  acids  dc  controlc 
physiologiques.  ct  dcs  composantes  genct- 
iques  ct  roctaboliqucs. 
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CHAPTER  42 


Development  of  Resistance  to  Noise 

DONALD  HENDERSON 
PIERRE  CAMPO 
MAUNI  SUBRAMAN1AM 
FRANCESCO  TORINO 


The  wide  range  of  individual  susceptibility 
to  noise-induced  hearing  loss  (NIHL)  has  been 
a  puzzle  to  scientists  for  at  least  40  years.  Re¬ 
views  by  Ward  (1965)  and  later  by  Chung  et 
ai  (1982)  discuss  a  number  of  potential  fac¬ 
tors  contributing  to  an  individual’s  susceptibil¬ 
ity  to  noise,  c.g.,  gender,  eye  color,  age,  smok¬ 
ing,  and  life  style.  Although  some  of  these  fac¬ 
tors  undoubtedly  play  a  role  in  the  acquisition 
of  NIHL,  none  can  account  for  the  extreme  in- 
tcrsubject  variability'  in  populations  exposed 
to  noise. 

In  the  last  lew  years  it  has  become  appar¬ 
ent  that  history  of  exposures  to  noise  may  be 
a  factor  in  determining  a  subject’s  susceptibil¬ 
ity’  to  NIHL  Although  this  is  a  relatively  recent 
hypothesis,  data  supporting  this  idea  can  *c 
traced  through  a  number  of  experiments  lead¬ 
ing  back  to  the  classic  paper  of  Miller  ct  al 
( 1963).  In  one  of  their  experiments,  monaural 
cab  were  exposed  to  broad  band  noise  of  115 
dB  for  7.5  minutes  per  day  for  17  days*  AS  can 
be  seen  in  Figure  42-1,  the  first  day's  exposure 
produced  35  dB  of  temporary  threshold  shift 
(TTS)  at  4  kHz,  but  by  the  end  of  the  tenth 
day,  the  same  exposure  produced  only  15  dB 
of  TTS.  Miller  ct  al  discussed  a  number  of  pos¬ 
sibilities  for  these  unexpected  results,  includ¬ 
ing  the  idea  that  the  system's  response  to 
noise  could  be  moderated  by  prior  exposure, 
but  unfortunately  this  interpretation  was  ne¬ 
glected  for  the  next  25  years.  Recently,  sev¬ 
eral  investigators — Clark  ct  al  (1987),  Sinex 
ct  al  ( 1987),  and  our  laboratory — have  all  re¬ 
ported  similar  trends. 

Figure  42-2  shows  the  results  from  Byrne 
ct  al  (in  press),  for  monaural  chinchillas  ex¬ 
posed  to  octave  band  noise  (OBN)  centered 
at  500  Hz  at  100  dB  SPL  for  6  hours  a  day  for 
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20.  days.  Again  there  is  a  systematic  decrease 
in  threshold  shift  (TS)  across  the  days  of  expo¬ 
sure.  What  is  in'  'esting  is  that  all  the  test  fre¬ 
quencies  showed  this  trend,  thereby  racing 
some  puzzling  questions  about  the  biologic 
changes  responsible  for  the  reduced  TS. 

Although  reduced  TS  with  repeated  expo¬ 
sures  is  an  interesting  observation,  it  would  be 
even  more  important  if  prior  exposure  also  re¬ 
duced  the  susceptibility'  to  permanent  thresh¬ 
old  shift  (PTS).  Canlon  ct  al  (1988)  exposed 
guinea  pigs  10  a  1,000- Hz  tone  at  81  dB  for  21 
days  and  then  exposed  the  subjects  to  105  dB 
for  48  hours  (Fig.  42-3),  Subjects  that  re¬ 
ceived  the  "conditioning’*  exposure  developed 
substantially  less  PTS  (approximately  20  to  25 
dB)  and  hair  cell  losses  than  the  control  group 
exposed  only'  a*  !05  dB  for  48  hours.  These 
arc  intriguing  results  that  require  clarification, 
particularly  about  the  changes  in  auditory’ 
functioning  during  the  21  days  of  exposure.  In 
the  Canlon  ct  al  experiment  the  "condition¬ 
ing"  exposure  was  at  a  single  frequency  for  21 
days  continuously.  This  exposure  is  unlikely 
to  be  found  in  nature  or  in  the  work  place. 
Also,  the  use  of  the  whole  nerve  action  poten¬ 
tial  to  assess  auditory  sensitivity  yields  thresh¬ 
olds  substantially  above  the  guinea  pig’s  be¬ 
havioral  threshold,  and  the  action  potential 
(AP)  measures  might  have  precluded  observa¬ 
tion  of  any  residual  hearing  loss  prior  to  the 
traumatic  exposure. 

Thus,  the  purpose  of  this  research  is  to 
begin  to  understand  the  relationship  between 
the  conditioning  exposure  and  the  resultant 
changes  in  vulnerability  to  NIHL  when  the 
conditioning  exposure  approximates  more 
typical  industrial  exposures.  Two  sets  of  ex¬ 
periments  arc  reported.  The  first  is  a  system- 
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Figure  42*1  Hduhold  sKA  before 
and  after  exposure  to  a  broad 
noise  at  115  d8  SPL  ModxSed  from 
Miller  JD.  Unson  CS,  Onpl  WP. 
PcalCTung  eCects  of  noise  oo  tbe 
C  I-  Acu  Otolaryngol  Soppl  196^ 
176:1-91. 
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Figure  42-3  Schematic 
representation  of  the  exposure 
conditions  In  Canlon  cl  aTs  ( 1988) 
cxperimciit,  TCS,  temporary 
threshold  shdt;  PTS.  permanent 
threshold  shift. 
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Figure  42-4  Schematic  representation  of  the  exposure 
hand  of  noise;  PTS.  permanent  thrcshoJd  shift 

atic  study  of  the  relation  between  the  loci  of 
the  noise  exposures  and  the  degree  of  “tough¬ 
ening"  during  the  conditioning  exposure.  The 
second  experiment  is  a'  replication  of  Carden 
ct  al's.  in  which  the  shifts  in  thresholds  during 
the  conditioning  exposure  arc  documented 
and  the  traumatic  exposure  is  given  w'hcn 
there  is  no  residual  hearing  loss 

Experiment  I 

Methods 

Subjects 

Twenty  adult  chinchillas  (500  to  700  g) 
served  as  subjects.  Each  animal  was  anesthe¬ 
tized  with  a  subcutaneous  injection  of  acepro- 
ntazinc  (0  56  mg  per  kilogram)  and  ketamine 
(36  mg  per  kilogram)  and  made  monaural  by 
surgical  destruction  of  the  left  cochlea.  A 
chronic  recording  electrode  was  then  stcrco- 
taxically  implanted  in  to  the  left  inferior  colli¬ 
culus,  and  a  ground  electrode  was  implanted 
just  below  the  dura  (Henderson  ct  al,  1973). 
Following  surgery,  the  animals  were  given  an¬ 
tibiotics  (chloramphenicol  palmitatc  twice  a 
day  for  4  days)  and  allowed  to  recover  for  at 
least  2  weeks  prior  to  testing. 

Evoked  Response  Testing 

After  the  2-week  recovery  period  hearing 
thresholds  of  all  the  animals  were  measured 
on  5  consecutive  days  The  average  of  these 
five  measures  constitutes  the  pre-exposure 
threshold  The  animals  were  also  tested  each 
day  just  before  and  ju<t  after  the  exposure. 
Each  animal  was  tested  separately  in  a  sound- 
treated  booth.  A  yoke-like  harness  kept  the  an¬ 
imal’s  head  in  a  fixed  position  within  the  cali¬ 
brated  sound  field. 

Test  stimuli  consisted  of  tone  pips  (5  ms 
Blackman  risc/fall  ramp)  in  the  frequency 
range  o/  0.5  to  16  kHz  at  octave  intervals.  The 


test  schedule  employed  in  experiment  L  OBN,  ocuve 


signals  were  generated  and  the  responses 
wtre  analyzedbsing  a  p  rsonal  computer. 

Noise  Exposure 

All  the  animals  were  exposed  to  the  same 
spectrum  of  noise  vOBN  centered  at  0.5  kHz) 
for  6  hours  a  day  for  10  days.  Three  levels  of 
exposures  were  used.  85, 95,  and  100  dtf  SPL 
The  exposure  schedule  and  the  test  schedule 
axe  shown  schematically  in  Figure  42-f. 

The  animals  were  exposed  in  groups  of 
two  or  three.  Each  animal  was  housed  in  a 
separate  cage  (8"  x  SVz  "  X  S’)  and  given  free 
access  to  food  and  water.  The  cages  were 
placed  just  below  the  loudspeaker  such  that 
the  difference,  if  any,  in  the  sound  pressure 
across  the  cages  was  within  1  dB.  Further,  the 
animals  were  rotated  to  different  cages  during 
the  course  of  the  exposure. 

Results 

Pre-  Exposure  Thresholds 

The  mean  pre-exposure  thresholds  for  the 
three  groups  of  animals  arc  presented  in  Fig. 
ure-42-5.  The  mean  thresholds  of  all  the  three 
groups  were  consistent  with  both  the  labora¬ 
tory’  reference  standards  and  the  thresholds 
reported  by  Miller  ( 1970). 

Postexposure  Threshold  Shift 

The  difference  between  the  threshold  ob¬ 
tained  at  the  end  of  each  exposure  and  the 
pre-exposure  threshold  at  a  given  frequency 
constituted  the  postexposurc  threshold  shift. 
The  postexposurc  threshold  shifts  recorded  in 
the  three  groups  at  the  six  test  frequencies  are 
depicted  in  Figure  ‘12-6. 

Certain  trends  are  dear  from  Figure  42-6. 
The  largest  hearing  loss  occurred  within  the 
first  2  days  for  the  100  dB  group,  and  then  the 
hearing  loss  was  progressively  smaller  on  en- 


and 
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Figure  42-5  Preexposure 
thresholds  (filled  squires)  of 
arnctab  m  experiment  L  Results 
from  Miller  ( I9TJ)  are  presented 
for  comparison  (crossed  lines). 


suing  days  For  some  frequencies,  particularly 
in  the  85-dB  group  and  also  in  the  95«1B 
group,  the  maximum  hearing  loss  did  not  oc¬ 
cur  until  after  2  to  4  days  of  the  exposure.  At 
high  frequencies,  ic.,  abo\c  4  kHz,  the  85-dB 
exposure  did  not  cause  a  significant  threshold 
shift. 

The  toughening  effect  varied  with  fre¬ 
quency  and  level.  There  was  a  significant  re* 
duction  in  the  postexposure  threshold  shift  at 
0.5  and  1  kHz  at  all  the  three  exposure  levels, 
with  the  maximum  reduction  in  TS  occurring 
in  the  100-dB  SPL  group.  The  threshold  shifts 
of  the  85-  and  95-dB  groups  showed  consider¬ 
able  overlap  at  500  and  1,000  Hz.  At  2  kHz 
there  is  a  reversal  in  the  threshold  curves  The 
95-dB  group  showed  the  greater  shift  on  day 
1,  but  as  the  exposure  continued  the  thresh¬ 
old  shift  in  the  95-dB  group  decreased  with 
repeated  exposures,  and  the  threshold  shift  ac* 
tually  dropped  below  the  threshold  for  the 
85  dB  group  by  day  4. 

Tile  progressive  reduction  in  the  thresh¬ 
old  shift  or  toughening  appeared  to  depend  on 
the  level  of  exposure.  Although  at  the  lowest 
level  the  toughening  was  rcstiictcd  to  fre¬ 
quencies  between  0.5  and  2  kHz,  significant 
reduction  in  threshold  shift  was  observed 
even  at  the  higher  frequencies  for  the  higher 
exposure  levels.  The  toughening  effect  seen 
with  exposure  to  100  dB  was- greater  than 
such  effects  with  95-dB  exposures  at  4  and  8 
kHz. 

In  general,  for  any  combination  of  level 
and  audiometric  test  frequency,  if  there  was  a 


significant  threshold  shift  (TS  greater  than  20 
dB),  then  there  was  a  trend  for  decreased 
threshold  shift  with  repeated  exposures.  The 
actual  size  of  the  toughening  effect  is  not  clear 
because  at  some  frequencies  and  levels  the 
amount  of  TS  was  still  decreasing  after  10  days 
of  exposure.  Thus  the  magnitude  of  the  tough* 
cning  effect  is  probably  underestimated  from 
Figure  42-6, 

Recovery  from  Daily  Exposures 

The  threshold  prior  to  each  exposure  was 
subtracted  from  the  postexposure  threshold  at 
the  end  of  the  previous  exposure,  to  obtain  a 
measure  of  how  much  recover)’  occurred  over 
the  16  hours  of  quiet.  These  differences  arc 
plotted  in  Figure  -12-7  to  monitor  how  the 
process  of  recover)'  changed  over  the  course 
of  the  10  days  of  exposure. 

In  contrast  to  the  decreasing  threshold 
shifts  os  seen  in  Figure  42  6  the  amount  of  re* 
cover)’  in  Figure  42*7  appears  to  be  less  than 
10  dB  across  the  10  days  of  exposure.  The 
amount  of  residual  hearing  loss  in  the  100  dB 
group  on  the  tenth  day  of  exposure  was  about 
25  to  30  dB  across  all  frequencies,  suggesting 
the  possibility  that  the  animals  in  the  100  dB 
group  might  develop  some  permanent  thresh 
old  shift.  When  animals  were  exposed  at  100 
dB  to  the  same  noise  and  exposure  schedule 
for  20  days,  they  developed  15  to  20  dB  of 
permanent  threshold  shift  at  the  high  frequen¬ 
cies  (Byrne  et  al,  to  be  published).  The  95  dB 
exposures  did  not  produce  any  permanent 


480 


'  ROLE  OF  TliE  ACOUSTIC  ENVIRONMENT 


DAY  OF  EXPOSURE 


Figure  42-6  postexposure  threshold  shifts  at  (he  six  test 
squares),  95  dB  (crossed  lines),  and  100  dB  ( asterisks  X 

threshold  shifts,  and  sensitivity  recovered  to 
pre-exposure  values  within  4  to  5  days  after 
the  cessation  of  exposure  (sec  Fig.  42-9). 

Experiment  II 

Methods 

Two  groups  of  adult  chinchillas  served  as 
subjects.  The  experimental  group  consisted  of 


frequencies  for  each  of  the  exposure  lc\ds  85  dB  (filled 


six  chinchillas,  and  the  control  group  con¬ 
sisted  of  seven  chinchillas  The  surg  cal  proce¬ 
dure  and  the  evoked  response  audiometry 
were  carried  out  as  described  under  experi¬ 
ment  1,  The  noise  exposure  schedule  is  sche¬ 
matically  represented  in  Figure  42-8. 

Hearing  thresholds  were  determined  five 
times  for  each  animal  before  the  exposures 
were  begun.  The  average  of  these  five  mea¬ 
sures  constituted  the  pre-exposure  threshold 
for  a  given  animal  and  served  as  the  baseline 
with  which  the  results  of  postexposure  tests 


Figure  42-7  Recovery  from  hearing  low  measured  at  the  end  of  the  18  hours  of  recosery.  85  dB,  filled  squares,  95 
dB,  crossed  lines;  100  dB,  asterisks. 


were  compared.  Animals  in  the  experimental 
group  were  tested  on  each  day  before  and  af¬ 
ter  the  95  dB  exposure,  and  tested  at  the  end 
of  the  5*day  recovery  period,  just  before  the 
106-dB  exposure  began.  Animals  in  both 
groups  were  tested  immediately  after  the 
106  dB  expo;  re  and  periodically  thereafter. 
At  4  weeks  after  the  last  exposure,  threshold 
measurements  were  repeated  for  5  days.  The 
difference  between  the  average  of  these  five 
measures  and  the  pre-exposure  thresholds 


constituted  the  permanent  threshold  shift. 

Results 

Pre-Exposure  Thresholds 

As  reported  for  experiment  I,  the  mean 
pre-exposure  thresholds  of  the  two  groups 
were  normal  and  in  good  agreement  with  the 
laboratory  norms  and  with  previously  pub¬ 
lished  norms  (Miller,  1970) 


m 
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OBN  0.5  kHz  106  dB 
48  HOURS 


Figure  42-8  Schematic  representation  of  the  exposure  schedule  employed  In  experiment  H.  OBN,  octasc  band  of 
noise;  PTS,  permanent  threshold  shift;  TTS,  temporary'  threshold  shift. 


Figure  42-9  Thresholds  recorded 
after  5  days  of  recovery'  following 
the  95  dB  exposure  (crossed 
lines)  In  the  experimental  group 
The  mean  pre-exposure 
thresholds  (filled  squares)  arc 
plotted  for  comparison. 


Threshold  Shift  from 
“Conditioning0  Exposure 

The  results  of  the  conditioning  expert* 
ment  have  been  discussed  in-depth  under  ex¬ 
periment  I.  In  general,  the  animals  showed  de¬ 
crease  in  the  threshold  shift  with  repeated  ex¬ 
posures  They  also  showed  greater  recovery 
with  increase  in  the  number  of  days  of  expo¬ 
sure,  Further,  the  thresholds  recorded  at  the 
end  of  the  5-day  recovery  period,  just  before 
the  onset  of  the  106  dB  48-hour  exposure, 
were  dose  to  the  pre-exposure  thresholds,  in¬ 
dicating  complete  recovery  at  all  the  frequen¬ 
cies  (Fig  42-9). 


Threshold  Shift  from  Traumatic 
Exposure 

The  threshold  shifts  recorded  at  various 
recovery  times  following  exposure  to  the 
noise  at  106  dB  are  depicted  in  Figure  42-10, 
The  figures  indicate  that  the  animals  in 
the  experimental  group  incurred  less  thresh¬ 
old  shift  (about  20  to  30  dB  between  500  and 
4,000  Hz)  initially  when  compared  to  the  con¬ 
trol  group  The  recovery  functions  run  almost 
parallel  up  to  5  days,  and  most  of  the  recovery 
was  completed  within  5  days  after  the  expo¬ 
sure,  so  that  the  thresholds  were  within  5  dB 
of  the  PI'S  at  most  of  the  test  frequencies.  This 
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RECOVERY  TIME 


Figure  42-10  Recovery  from  hc-iring  loss  from  exposure  lo  UXmJU  m  the  experimental  (tilled  squ/ics^-uui  contiul 
(crossed  lines)  g'oups  at  various  rccoi  cry  times. 


trend  was  consistent  across  both  groups  of  an¬ 
imals. 

The  differences  between  the  control  and 
the  experimental  groups  are  even  more  dra 
matic  when  the  data  of  individual  animals  are 
compared.  Figure  42-1!  shows  the  recovery 
curves  at  1  kHz.  The  individual  animats  show  a 
monotonic  recovery  process,  and  they  main¬ 
tain  their  rank  order  within  their  respective 
groups. 

Figure  42*12  provides  an  interesting  per* 


spcctive  on  the  between  subject  variability 
across  the  conditioning  and  the  traumatic  ex¬ 
posures.  The  rank  order  of  the  subjects  in 
terms  of  their  peak  threshold  shift  shows  con¬ 
siderable  reorganization  by  the  end  of  the  10 
days'  conditioning  exposure,  but  the  rank  or¬ 
dering  then  is  held  reasonably  closely  through 
the  following  phases  of  the  experiment,  in 
eluding  the  measurement  of  PTS.  This  is  an  in 
(cresting  observation  that  deserves  future 
study. 


RECOVERY  TUAE 


figure  42*11  Recovery  frota  (be  1 06<IB  ex* 
posurc  in  todrvidto]  ankaiis  in  the  aperimm 
ul  and  control  groups,  at  1.000  Hz.  T.  tL-rx-.  H. 
hours  D.  day*  PI5.pcrcurKnX  threshold  shift. 


RECOVERY  TIME 


The  control  group  exposed  to  only  106 
dB  showed  greater  PTS  than  the  experimental 
group  that  was  previously  exposed  to  inter¬ 
mittent  noise  for  10  days  (Fig.  12-13).  The  dif¬ 
ference  in  the  PTS  between  the  two  groups 
w-as  significant  (F  =  7.56,  p  less  than  005). 

Correlation  Between  Asymptotic 

Threshold  Shift  (ATS)  and  PTS 

The  correlation  between  the  peak  postex* 
posurc  threshold  shift  and  the  permanent 
threshold  shift,  as  well  as  that  between  the 
postexposure  threshold  shift  at  the  end  of  10 
days  of  the  nontraumatic  exposure  and  the 
permanent  threshold  shift,  were  computed  in 
the  ease  of  the  experimental  group.  The  re¬ 
sults  indicated  a  high  correlation  between  the 
postexposure  threshold  shift  (day  10)  and  the 
permanent  threshold  shift  The  correlation  co¬ 


efficient  was  high  (r  =  08  to  O.o)  at  all  the 
frequencies  except  at  1  kHz  (r  =  0.5).  Fur¬ 
ther,  the  mean  permanent  threshold  shift  was 
within  5  dB  of  the  mean  postexposure  thresh¬ 
old  shift  (day  10)  at  all  frequencies  including 
1  kHz.  How  o*cr,  the  correlation  between  the 
peak  postexposure  threshold  shift  (usually  re¬ 
corded  in  the  first  3  days  of  the  nontraumatic 
exposures)  and  the  permanent  threshold  shift 
was  high  only  at  4  and  8  kHz. 

Conclusion 

The  results  of  experiment  1  showed  a  sys¬ 
tematic  decrease  in  TS  with  repeated  expo¬ 
sure.  The  dearest  exception  to  the  current  re¬ 
sults  comes  from  an  experiment  b>  Saunders 
et  al  ( 1977),  who  reported  stable  threshold 
shifts  o\cr  9  Ja>s  of  exposure  to  an  octave 
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band  noise  centered  at  4.000  Hz  for  6  hours 
per  day.  The  results  arc,  however,  completely 
consistent  with  previous  results  reported  by 
Miller  et  al  (1963X  Clark  ct  al  (1987),  and 
Byrne  ct  al  (in  press).  Each  of  these  experi¬ 
ments  clearly  showed  that  the  auditory  system 
can  become  resistant  to  repeated  daily  expo¬ 
sures  to  noise.  By  contrast,  exposure  to  a  con¬ 
tinuous  noise  for  periods  of  2  days  to  I  year 
often  produce  the  maximum  threshold  shift 
in  1  or  2  days,  after  which  the  TS  is  reduced 
by  5  to  10  dB  and  remains  relatively  stable 
over  the  course  of  the  exposure.  An  interest¬ 
ing  question  to  pursue  is  the  relation  between 
the  amount  of  toughening  and  the  percentage 
of  off-time  during  the  intermittent  exposure. 

The  size  of  the  toughening  phenomenon 
(decrease  in  TS  of  30  dB  or  more)  and  the  fact 
that  a  low'-frcquency  exposure  can  produce 
the  toughening  effect  across  the  entire  audio- 
metric  range  raise  interesting  questions  about 
the  biologic  basis  of  the  phenomenon.  In  a  pi¬ 
lot  study,  Fiorino  ct  al  (1989)  severed  the 
COCB  at  the  floor  of  the  fourth  ventricle  and 


repeated  the  500-Hz  (OBNX  100-dB  exposure 
outlined  in  experiment  L  Figure  42-14  shows 
that  the  low'-frcquency  region  of  the  audio- 
gram  (500  to  2,000  Hz)  showr  the  “toughening 
process,"  but  there  is  no  evidence  of  reduced 
threshold  shift  at  4  and  8  kHz.  Although  there 
arc  data  only  for  two  animals,  in  the  previous 
experiment  (Byrne  ct  al,  in  press)  23  subjects 
showed  toughening  at  all  frequencies  tested 
except  at  16,000  Hz. 

The  fact  that  the  conditioning  exposures 
can  render  the  subject  less  susceptible  to  PT5 
raises  a  number  of  practical  and  theoretical 
questions;  ( 1 )  Over  wtet  intensity  range  is  the 
“conditioning"  exposure  effective?  (2)  What  is 
the  time  course  of  the  conditioning  effect,  lc.. 
is  the  system  more  resistant  after  a  short  expo¬ 
sure  or  docs  it  require  the  10  or  20  days  as  re¬ 
ported  here  and  by  Canlon  ct  al?  (3)  How* per¬ 
sistent  is  the  change?  (4)  What  is  the  band¬ 
width  of  the  effect,  I  c.,  is  the  conditioning  ef¬ 
fect  specific  to  the  spectrum  of  the 
conditioning  sound  or  is  it  a  more  generalized 
response  to  stimulation?  (5)  Docs  the  condi- 
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Figure  43-13  Femxxsa 
threshold  tbUs  recorded  ia  the 
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ctxxui  (crossed  line*)  groups 
the  I06dB  exposure 


» - 

30  - 

30- 

_ 

500  Hz 

20  *  — 

0- 

m 

11  13  15  17  19  13  r27rl7PTS 

mmmi' 

40  - 

— — hx 

20- 

0- 

v- 

)'  11  13  15  17  19  13  (27H7P7S 

DAY  OF  EXPOSURE 


Figure  42-14  Post  exposure  threshold  shifts  in  two  animate  following  section  of  the  crossed  olhocochlcar  bundle 
(COCB>  The  data  are  normalized  with  reference  to  Bjmc  ct  al's  (In  press)  data.  Symbols  represent  the  data  from 
the  two  individual  animats,  and  the  line  show's  the  results  from  Byrne  ct  al's  experiment 
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zoning  effect  protect  the  systcih  from  the  roc- 
cJtmical  ira uau  associated -Tenth  impulse  or 
impact  noseband  (6)Whaxis  the  biologic  ba¬ 
sis  of  the  conditioning  effect,  Le,  does  the 
acoustic  reffex  become  more  effective  or  is 
there  a  fundamental  change  in  the  cochlea, 
perhaps  mediated  by  the  efferent  system? 

Deyeloppement  de  la 
Resistance  au  Bruit 

Dans  Ictudc  des  traum^tismes  audits  co¬ 
pies  par  Ic  bruit,  l’un  cfcs  aspects  Ics  plus 
cl  on  nan  ts  demeure  la  grande  rarjahilitc  des 
rcsultats.  Ccrtalnes  donnccs  rcccntcssugger- 
ent  que  Ics  deficits  auditife  entendres  par  Ic 
bruit  dependent,  cn  panic,  des  expositions  so- 
nores  prcalablcmcnt  subics  par  les  sujets.  Des 
etudes  met  torn  cn  oeuvre  des  expositions 
repet ecs,  ont  montre  que  Ics  deficits  auditifj 
pouvaicnl  ctre  reduits,  jusqu’a  30  d3.  par  des 
expositions  quotidiennes  pendant  10  a  20 
jours.  D'autres  etudes  ont  montre  ;juc  des  ex¬ 
positions  prealables  a  de  faiblcs  niveaux  de 
bruit  pouvaient  reduirc  les  deplacernems  de 
scuils  permanents.  Cct  article  apportc  des 
donnees  complemcniaircs,  obtcnucs  a  I'aidc 
dune  technique  de  potcnticls  evoques,  quant 
a  Timportance  des  expositions  sonorcs  prcal- 
ables  subics  par  des  sujets  pour  determiner 
Icur  susccplibilitc  au  bruit. 

La  premiere  exposition  s'attachc  au 
ni\eau  sonorc  dans  Ic  dcieloppcment  de  la  re¬ 
sistance  au  bruit.  Deux  groupes  de  chinchillas 
Ont  etc  exposes  quotidiennement  a  un  bruit 
de  bande  centre  a  500  Hz  (0,5  dB  OBN)  A  des 
intensites  sonorcs  de  85,  95  ct  100  dB  SPL 
pendant  10  jours.  Les  dcplaccmcnts  de  scuils 
ont  ct6  mesurds  pour  unc  gamme  de  fre¬ 
quence  albnt  de  500  Hz  a  16  kHz,  au  debut  ct 
*  la  fin  de  chaque  jour  d'cxjxwiiion.  Les  rcsul¬ 
tats  room  rent  pour  chaque  groupc  d'animaux 
la  tendance  it  la  diminution  dcs  dcplaccmcnts 
de  scuils  pendant  Ics  10  jours  deposition. 
CependanJ,  le  groupc  d'animaux  exposes  A 
100  dB  montre  unc  resistance  A  toutes  Ics  fre¬ 
quences  t  and  is  que  pour  Ics  plus  faiblcs 
niveaux,  la  resistance  cst  moins  pronon^c 
aux  frequences  clcvccs. 

La  secondc  exposition  a  6tc  rcaliscc  dans 
le  but  de  verifier  si  ('augmentation  de  la  resis¬ 
tance  aux  TTS  ohservee  dans  la  premiere  ex¬ 
perience,  pouvait  apportcr  une  protection 
contre  le  PTS  engendre  par  unc  exposition 
traumatique.  Dans  cettc  experience,  deux 
groupes  d'animaux  ont  etc  utilises.  Le  premier 
groupc  a  etc  expose  quotidiennement,  pen¬ 


dant  10  jours,  a  raison  de  6  bcurcs  par  jour  a 
ua  bruit  (Tune  bande  cfoctave  de  03  Uiz  a 
<Je  niveau  sonore  de  95  dB.  Unc  periode  de  re¬ 
cuperation  de  5  jours  Icur  ettit  accordee.  Au 
terror  des  5  jours,  tour*  Ics  animaux  avaiem 
qtusiment  rctrpuvc  Icurs  scuils  audiiifs  ini- 
tiwx  (+5  dB).  Au  irixicme  jour,  Ics  animaux 
ont  etc  exposes  au  metne  bruit  aiun  niveau 
de  106  dB  pendant  48  hemes.  Un  groupc  tc- 
moin  constituc  d’animaux  n'ayant  pas  subi 
d'exposition  prcalable,  a  etc  expose  au  mernc 
bruit  a  un  niveau  de  106  dB  pendant  48*hcurcS. 
'A  cc  jour,  les  icsultats  sentient  indiquer 
qu'une  exposition  sonore.prealab!c-non  traU- 
matique  protege  les  animaux  dune  exposition 
traumatique 

Lj-troisierme  experience  avail  pour  but  de 
determiner  si  I'cxistcaicc  prcalable  -d’un  PTS 
peut  proteger  lors  dune  exposition  ultcriciirc 
au  bruit  Degx  groupes  d’animaux.  Tun  ayant 
un  PTS  de  27  a  40  dB  engendre  par  unc  expo¬ 
sition  prcalable,- au  bruit,  1’autre,  groupc  tc* 
mein,  sans  PTS  prcalable,  sont  exposes  a  un 
bruit  de_I06  dB  pendant  48  bcurcs.  Les  scuils 
etaient  enregbtres  pour  une  gamme  de  fre¬ 
quence  allant  dc<0,5  a  16  kHz  avant  ct  apres 
1’expositiorL 

Les  rcsultats  indiquent  que  les  animaux 
a>*ant  un  deficit  auditif  prc-cxistant,  presentent 
unc  amplitude  de  PTS  plus  faiblc  que  ccllc  dcs 
animaux  temoins.  Ccla  suggcrc  qu’un  deficit 
prc-cxistant  pourrait  offrir  unc  protection 
contre  dcs  expositions  sonorcs  ultericurcs 
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CHAPTER  43' 


Physiologic  and  Morphologic 
Aspects  to  Low-Level  Acoustic 
Stimulation 

BARBARA  CAN  LON’ 

ERIK  BORG 
PAULA  LOESTRAND 


One  of  the  most  intriguing  problems  in 
noise  research  concerns  the  auditor)’  system’s 
capacity  to  modulate  the  adverse  effects  of 
acoustic  stimulation.  An  understanding  of  the 
auditor)’  system’s  means  of  modulating  these 
effects  would  help  to  elucidate  the  relation¬ 
ship  between  permanent  and  temporary  hear¬ 
ing  losses  At  present,  the  underlying  physio¬ 
logic,  morphologic,  and  biochemical  mecha¬ 
nisms  that  distinguish  a  temporary  Jicaring 
loss  from  a  permanent  hearing  loss  arc  not 
known. 

Since  the  pioneering,  and  to  say  the  very 
least,  courageous  experiments  of  Hallowcli 
Davis  and  co-investigators  ( 1943 \  the  con¬ 
cept  of  a  temporary  threshold  shift  was  intro¬ 
duced.  These  investigators  exposed  them¬ 
selves  to  a  rather  Intense  noise  generated  by  a 
bull  horn  and  then  determined  the  degree  of 
hearing  loss  with  the  recently  developed  pure- 
tone  audiometer.  Thresholds  were  generally 
reported  to  return  to  pre-exposure  levels.  The 
principal  finding  from  this  study  was  that  the 
degree  of  hearing  loss  depended  on  the  fre¬ 
quency,  th&  intensity,  and  the  duration  of  the 
exposure.  In  addition,  the  phenomenon  of  the 
half  octave  shift  was  first  noted,  The  greatest 
threshold  shift  occurred  at  frequencies  one- 
half  octave  above  the  stimulating  frequency, 
whereas  thresholds  for  frequencies  below 
were  generally  not  affected.  Extensions  of  this 
first  report  on  the  half-octave  shift  have  shown 
that  exposures  of  moderate  intensity  yield 
thresholds  in  the  same  region  as  the  exposure, 
yet  when  the  intensity  is  systematically  in¬ 
creased  the  half-octave  shift  becomes  apparent 
(Ward  ct  al,  1973;  Mitchell  ct  al,  1977;  Lons- 


bury-Martin  and  Mcikle,  1978;  Salvi  ct  al, 
1982).  Unfortunately,  there  arc  no  physiologic 
or  morphologic  features  to  indicate  when  a 
temporary  threshold  shift  might  develop  into 
3  permanent  lesion.  Threshold  shifts  as  large 
as  80  dB  can  be  completely  re\esib!e,  whereas 
in  other  eases  a  shin  of  60  dB  can  result  in  as 
much  as  a  30-dB  permanent  loss  (Robertson 
ct  al,  1980;  Cody  and  Robertson,  1983) 

Morphologic  changes  induced  from  a 
temporary  hearing  loss  have  been  primarily  as¬ 
sociated  with  the  stereocilia  (Hunter-Duvar, 
1977;  Tiincy  et  al,  1982,  Liberman  et  al, 
1986).  The  pathology  includes  floppy  stereo- 
cilia,  dcpolymerization  of  the  actin  filaments  at 
the  base  of  the  stcrcocilium,  a  loss  in  the 
crossbridges  between  adjacent  actin  filaments 
in  the  stcrcocilium,  and  reductions  in  the 
length  of  the  supracuticular  portion  of  the 
rootlets.  Moreover,  experiments  with  the  iso¬ 
lated  guinea  pig  cochlea  coil  have  shown 
micromechanical  changes  in  stereocilia  fol¬ 
lowing  overstimulation.  These  changes  were 
reversible  and  inetabolieally  dependent  (Saun¬ 
ders  et  al,  1986).  The  functional  consequences 
of  these  temporary  alterations  in  morpholo¬ 
gy  arc  suggested  to  decrease  the  stiffness  of 
the  stereocilia  and  thus  change  the  sensitivi¬ 
ty  and  tuning  properf  s  of  the  auditory  sys¬ 
tem, 

Modulation  of  Auditory 
Sensitivity 

One  means  of  better  understanding  the 
relationship  between  a  temporary  and  a  per- 
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nun  cm  noise- induced  threshold  shift  is  to  ex¬ 
perimentally  manipulate  the  sensitivity  of  the 
auditor}*  system  in  such  a  way  as  to  increase 
or  decrease  the  effects  of  noise.  Interesting  re¬ 
sults  ha\c  been  obtained  with  respect  to  ex¬ 
perimentally  induced  manipulations  of  co¬ 
chlear  metabolism.  Noise-induced  hearing  loss 
can  be  cither  increased  or  decreased  by  alter¬ 
ing  the  body  temperature  (Drcscher,  1976; 
Henry  and  Cholc,  1984).  These  changes  arc 
reversible,  do  not  affect  the  pre-exposure 
thresholds,  and  are  believed  to  be  of  cochlear 
origin. 

Protection  from  noise  trauma  can  also  oc¬ 
cur  through  the  activation  of  either  the  mid¬ 
dle-car  muscles  or  the  olivocochlear  bundle. 
The  middle-ear  muscK  ^  control  the  amount  of 
sound  energy  entering  the  cochlea  by  increas¬ 
ing  the  stiffness  of  the  ossicular  chain  as  they 
contract.  The  stapedius  reflex,  a  bilateral  re¬ 
flex,  is  activated  at  a  sound  level  of  approxi¬ 
mately  85  dB  hearing  level  in  humans  and 
slightly  lower  in  animals.  The  middle-car  mus¬ 
cles  a je  known  to  adapt  rapidly  during  expo¬ 
sure  to  high-frequency  tones,  yet  arc  more  sta¬ 
ble  at  frequencies  lower  than  2  kHz  and  in 
time-varying  noise  (Borg  and  Nilsson,  I9F4). 
The  stapedius  muscle  has  been  shown  to  influ¬ 
ence  the  susceptibility*  of  the  car  to  perma¬ 
nently-induced  threshold  shifts  in  experimen¬ 
tal  animals  (Borg  and  Nilsson,  1984)  Further¬ 
more,  in  patients  suffering  from  Bell's  palsy 
wiili  total  unilateral  paralysis  of  the  stapedius 
muscle,  there  is  a  greater  threshold  shift  in  the 
affected  car  compared  to  the  normal  car  after 
a  temporary’  threshold  shift  is  induced  (Zakris- 
son  and  Borg,  1974). 

Hie  efferent  innervation  to  the  cochlea  is 
supplied  by  the  olivocochlear  bundle.  The 
olivocochlear  bundle  originates  in  the  supe¬ 
rior  olivary  complex  in  the  brain  stem  and 
terminates  on  the  outer  hair  cells  or  the 
afferent  dendrites  under  the  inner  hair  cells. 
Although  many  efforts  have  been  made  to 
delineate  the  functional  role  of  the  efferent 
system,  no  functional  role  has  yet  been  de¬ 
termined.  One  of  the  various  roles  proposed 
for  the  efferent  system  has  been  to  diminish 
the  deleterious  effects  of  noise  trauma.  In¬ 
deed,  Cody  and  Johnstone  (1982)  showed 
that  protection  of  the  ipsilatcral  car  occurred 
when  the  contralateral  car  was  simultaneously 
stimulated  at  the  same  frequency  but  at  a 
lower  intensity.  This  effect  was  blocked  by 
strychnine,  a  known  blocker  of  the  olivo¬ 
cochlear  bundle.  Furthermore,  high  rates  of 
electrical  stimulation  of  the  crossed  olivoco¬ 
chlear  bundle  presented  simultaneously  with 
acoustic  overstimulation  reduced  the  magni¬ 


tude  of  a  temporary  threshold  shift  (Rajan, 
1988). 

Another  means  of  reducing  the  suscepti¬ 
bility  to  noise  trauma  is  by*  exposing  experi¬ 
mental  animals  to  interrupted  noise.  Miller  el 
aJ  (1963)  demonstrated  that  when  cats  were 
exposed  to  interrupted  noise  for  16  days, 
threshold  shifts  declined  during  the  latter  part 
of  the  exposure  compared  to  thresholds  ob¬ 
tained  after  the  first  day.  Another  interesting 
study  has  shown  that  intermittent  exposures 
result  in  a  reduced  threshold  shift  as  well  as 
less  cochlear  damage  compared  to  chinchillas 
exposed  to  continuous  exposures  of  equal  en¬ 
ergy*  (Clark  ct  al,- 1987). 

Given  these  observations,  it  is  apparent 
that  the  degree  of  hearing  loss  induced  by 
no«'se  can  be  modulated  by  a  variety  of  means 
The  anatomic  site  responsible  for  these 
changes  i  sensitivity  of  the  auditory  system 
to  noise  is  not  known  and  can  he  either  in  the 
periphery*  or  in  the  central  nervous  system 
These  findings  provide  a  foundation  on  which 
to  further  assess  and  experimentally  test  the 
differences  between  temporary*  and  perma¬ 
nent  noise-induced  hearing  loss. 

Outer  Hair  Cells 

Current  concepts  of  auditory*  physiology 
include  an  active  mechanism  in  order  to  coun¬ 
teract  the  high  degree  of  viscous  damping 
caused  by  the  cochlear  fluids  (Neely  and  Kim, 
1983)-  The  demonstration  that  the  outer  hair 
cells  contain  contractile  proteins  (Zenner, 
1986)  and  that  they  exhibit  motile  behavior  in 
response  to  electrical  stimulation  (Brownell  ct 
al,  1985;  Ashmore,  1987),  chemical  manipula¬ 
tions  (Zennet  el  al,  1985;  Flock  ct  al,  1986), 
or  mechanical  stimulation  (Canlon  ct  al, 
1988b)  suggest  that  the  outer  hair  cells  are 
the  active  elements. 

In  light  of  these  recent  developments,  it  is 
interesting  to  point  out  that  it  is  the  outer  hair 
cells  that  are  most  susceptible  to  acoustic 
trauma.  Morphologic  studies  have  repeatedly 
illustrated  that  the  outer  hair  cells  arc  more 
susceptible  to  noise  trauma  than  the  inner  hair 
cells.  Because  the  postulated  function  of  the 
outer  hair  cells  is  to  modify  cochlear  sensitiv¬ 
ity  and  frequency*  selectivity,  it  is  essential  to 
have  a  basic  understanding  as  to  why  the 
outer  hair  cell  is  the  underdog  of  noise 
trauma.  By  applying  the  analogy*  that  the  outer 
hair  cells  have  a  “muscle-like'’  role,  we  at¬ 
tempted  to  exercise  or  “train"  the  guinea  pig 
cochlea  to  tolerate  higher  levels  of  acoustic 
stimulation. 
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Figure  4J-1  Protection  from  noise  trauma  in  the  guinea  pig.  The  control  group  (open  circles)  was  exposed  to  1 
KHz,  105  dB  SPL  for  72  hours;  the  experimental  group  (closed  circles)  was  pie-exposed  to  1  IJIz,  81  dB  SPL  for  24 
days  followed  by  the  1  KHz,  105  dB  SPL  for  72  hours.  Left,  Auditor)’  brain  stem  response  thresholds  measured  90 
minutes  after  exposure  to  1  KHz,  105  dB  SPL,  72  hours.  Right,  Auditory’  thresholds  measured  after  an  8-wecK  rccov 
cry  period. 


Training  Paradigm 

In  an  a’^nipt  to  reduce  the  damaging  ef¬ 
fects  of  noise,  guinea  pigs  (200  to  350  g  body 
weight)  were  exposed  continuously  to  a 
1-kHz  tone  at  81  dB  SPL  for  21  day's  in  free 
field.  Tins  level  was  chosen  in  the  following 
fashion;  It  was  determined  that  a  continuous 
exposure  to  a  l-kllz  tone  at  105  dB  SPL  for  72 
hours  creates  a  permanent  hearing  loss  be¬ 
tween  30  and  50  dB  (Canton  cl  al,  1987).  By 
reducing  the  intensity  and  time  of  exposure 
systematically  and  experimentally  testing  the 
consequent  brainstem  audiometry  response, 
an  exposure  of  90  dB  SPL  at  l  kHz  for  72 
hours  was  found  to  be  a  “safe"  level  in  that  no 
threshold  shift  could  be  detected.  By  main¬ 
taining  equal  energy,  the  intensity  of  the  expo¬ 
sure  was  decreased  to  81  dB  SPL  and  the  dura¬ 
tion  increased  to  576  hours,  or  24  days.  The 
duration  and  intensity  of  this  exposure  were 
considered  sufficient  to  stimulate  the  auditory 
system  without  damaging  cochlear  structures. 

Tie  auditor)’  brain  stem  response  (ABR) 
threshold  was  determined  prior  to  and  imme¬ 
diately  after  exposure  (n  =  10).  A  threshold 
shift  could  not  be  detected.  It  remains  possi¬ 
ble  that  a  temporary  threshold  shift  may  have 
been  induced  by  the  low-level  exposure,  but 
it  either  recovered  rapidly  before  the  thresh¬ 
old  measures  could  be  made,  or  it  was  too 
small  to  be  detected  with  this  measuring  tech¬ 


nique.  Under  the  test  conditions,  there  was  a 
5-  to  10  dB  standard  deviation  of  the  thresh¬ 
old  values,  indicating  that  a  threshold  shift  of 
less  than  10  dB  would  not  have  been  de¬ 
tected.  The  test-retest  reliability  of  the  proce¬ 
dure  for  both  the  experimental  group 
(trained)  and  the  control  group  (not  trained) 
neither  differed  significantly  between  the  two 
measurements  within  each  group  nor  differed 
between  the  groups. 

After  recovery  from  the  anesthesia,  ani¬ 
mals  were  exposed  to  the  traumatizing  tone 
(1  kHz,  105  dB  SPL,  72  hours).  At  the  end  of 
this  exposure,  auditory  thresholds  were  deter¬ 
mined,  Animals  were  then  maintained  in  ambi¬ 
ent  noise  for  either  3  days,  1  month,  or  2 
months  for  yet  another  threshold  determina¬ 
tion. 

Protection  from  Noise 
Trauma  by  Pre-Exposure 
to  Low-Level  Acoustic 
Stimulation 

One  hour  after  acoustic  overstimulation 
to  the  1-kHz  tone  at  105  dB  SPL  for  72  hours, 
the  ABR  thresholds  for  the  control  group  (n  = 
10)  and  the  experimental  group  (n  =  10) 
were  elevated  at  all  frequencies  (Fig  43-1). 
The  control  group  showed  a  30-  to  50-dB 
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Figure  45-2  Protection  from  noise  trauma 
in  the  rabbit  The  control  group  (solid  line) 
was  exposed  to  a  2-  to .-4- kHz  noise,  13!  dB 
SPLfor  15  minutes;  the  experimental  group 
(dashed  line)  was  pre<xposed  to  a  2-  to 
7  kHz  noise  at  79  dB  SPL  for  256  hours  fol¬ 
lowed  by  exposure  to  the  2*  to  4  kHz  noise 
at  151  dB  SPL  for  15  minutes.  Hearing  loss 
was  measured  3  weeks  after  exposure  to  the 
1 3 1 -dB  SPL  exposure. 


threshold  shift,  whereas  the  experimental 
group  showed  a  10-  to  40  dB  shift  across  fre¬ 
quency.  The  difference  in  threshold  shift  be¬ 
tween  the  two  groups  was  statistically  signifi- 
cant  at  the  5  percent  level  for  all  frequencies 
(Students’  t-test)  When  both  groups  were  al- 
lowed  an  8-week  recovery’  period,  the  audi¬ 
tory  thresholds  improved  at  all  frequencies. 
Although  the  experimental  group  showed 
complete  recovery,  the  control  group  contin¬ 
ued  to  show  a  20-  to  30-dB  threshold  shift.  In 
fact,  already  by  3  days  after  exposure,  the  ex¬ 
perimental  group  showed  complete  recovery', 
whereas  the  control  group  exhibited  a  slightly 
higher  threshold  shift  than  that  found  after  8 
weeks. 


Comparative  Studies 
in  the  Rabbit 


exposure  io  the  damaging  noise  (131  dB  SPL, 
15  minutes).  Threshold  shifts  differ  for  the 
two  groups  by  10  to  25  dB  between  0.5  and  -f 
UIz.  Thresholds  did  not  differ  m  the  region  of 
63  to  20  kHz.  The  group  of  rabbits  exposed 
to  the  low-let  el  stimulus  prior  to  the  damag¬ 
ing  tone  showed  a  threshold  shift  that  was  un¬ 
der  10  dB  for  the  frequencies  between  0.5  and 
-4  kHz.  Furthermore,  it  was  found  that  the 
training  effect  is  rclatncly  long-lasting.  When 
rabbits  are  maintained  in  ambient  noise  for  ei¬ 
ther  2  weeks  or  1  month  after  being  trained, 
and  then  exposed  to  the  high-intensity  stimu¬ 
lation,  protection  against  noise  trauma  is  still 
evident.  Under  these  conditions,  the  threshold 
shifts  are  similar  to  when  the  rabbits  were  ex¬ 
posed  to  the  damaging  noise  immediately  after 
the  training  exposure. 

Morphologic  Analysis 


To  determine  if  protection  against  noise 
trauma  by  pre-exposure  to  a  low-level  acous¬ 
tic  stimulus  was  a  unique  feature  to  the  guinea 
pig  auditory  system,  a  study  was  designed  to 
test  the  rabbit.  One  group  of  rabbits  (n  -  •() 
was  pre-exposed  to  a  2-  to  7-kliz  noise  at  79 
dB  SPL  for  256  hours  prior  to  a  high  intensity 
noise  exposure  (2  to  4  kHz,  131  dB  SPL  15 
minutes).  This  second  exposure  is  known  to 
cause  a  permanent  hearing  loss.  Hie  second 
group  of  rabbits  (n  *  12)  were  exposed  only 
to  the  damaging  noise.  The  auditory  thresh¬ 
olds  for  all  rabbits  were  tested  prior  to  expo¬ 
sure  and  3  weeks  after  the  damaging  expo¬ 
sure  Both  groups  were  exposed  in  liie  awake 
state.  Figure  43-2  illustrates  the  brain  stem  re¬ 
sponse  threshold  shifts  obtained  3  weeks  after 


Neither  the  mechanisms  nor  the  sites  re¬ 
sponsible  for  these  changes  arc  known.  Sev¬ 
eral  different  mechanisms  located  throughout 
the  auditory  pathway  could  account  for  the 
protection  against  noise  trauma  Participation 
of  the  middle  ear  muscles,  inner  or  outer  hair 
cells,  afferent  or  efferent  nerve  endings,  sym¬ 
pathetic  influences,  and  modulation  by  the 
central  nervous  system  arc  all  likely  candi¬ 
dates. 

To  begin  to  address  these  questions,  an 
electron  microscopic  study  was  undertaken  to 
determine  if  morphologic  differences  could  be 
detected  between  the  control  animals  and  the 
two  groups  of  noise  exposed  guinea  pigs.  The 
first  group  was  only  exposed  to  the  l-kllz 
tone  at  8x  dB  SPL  for  21  days,  and  the  second 
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group  was  exposed  to  the  81-dB  SPL  tone  for 
21  days  followed  by  the  105-dB  SPL  tone  for 
72  flours.  After  each  exposure,  auditory 
thresholds  were  determined  with  the  auditory 
brain  stem  response.  Cochlcas  were  then  fixed 
in  either  1.0  percent  or  6.0  percent  glutaralpc- 
hyde  and  0.2  percent  tannic  acid  in  0.1  M 
phosphate  buffer.  After  dehydration  and  em¬ 
bedding  in  Agar  100  epoxy  resin  (Agar  Scien¬ 
tific,  Ltd.),  the  cochlcas  were  then  cleaved  ax¬ 
ially,  and  the  areas  around  14,  16,  17,  and  18 
mm  from  the  round  window'  were  cut  put  and 
remounted  on  blocks  that  were  sectioned  and 
finally  examined  in  a  Zeiss  EM  109  electron 
microscope.  Analysis  of  the  electron  micro¬ 
graphs  was  performed  at  a  final  magnification 
of  27,600  X. 

Outer  Hair  Cell  Afferent 
Synapse 

The  two  morphologically  distinct  spiral 
ganglion  cells,  type  I  and  type  II,  innervate  the 
inner  and  outer  hair  cells,  respectively,  in  all 
mammalian  species  studied.  The  typical  outer 
hair  cell  aflcrent  synapse  is  a  small  bouton- 
type  ending  arising  from  the  outer  spiral  fiber. 
The  representation  of  outer  spiral  fibers  on 
the  outer  hair  cell  is  graded  in  such  a  fashion 
that  the  third-row  outer  hair  cell  shows  a 
greater  number  of  boutons  than  the  first-  or 
second  row  outer  hair  cells  (Brown,  1987). 
These  small  afferent  nerve  endings  contain  mi¬ 
crotubules,  mitochondria,  and  a  few  vesicles 
relative  to  the  efferent  synapse,  in  a  filamen¬ 
tous  matrix.  In  the  prcsynaptic  region,  in  the 
infranuclcar  region  of  the  outer  hair  cell,  there 
arc  mitochondria,  vesicles,  coated  vesicles, 
and  tubulovcsicular  clstemac  (Fig  43-3 A),  Of 
the  control  cells  studied  (n  ®  9),  the  total 
membrane  content  at  the  base  of  the  cell  (ves¬ 
icles  •K coated  vesicles  +  tubulovcsicular  cis- 
ternae)  per  afferent  synapse  has  a  range  of  15 
to  26  and  a  mean  value  of  19.2  ±  3.5  S.D.  (Fig, 
434). 

Two  animals  were  exposed  to  the  1-kHz 
tone  at  81  dB  SPL  for  21  days.  Auditory 
thresholds  were  measured  prior  to  the  expo¬ 
sure  and  at  the  end  of  the  exposure,  and  a 
threshold  shift  could  not  be  detected.  When 
the  total  membrane  content  per  afferent  syn¬ 
apse  at  the  base  of  the  cell  was  counted,  there 
was  nearly  a  two  fold  increase  over  the  con¬ 
trol  cells.  An  overall  increase  in  all  the  mem¬ 
brane  components,  vesicles,  coated  vesicles, 
and  tubulovesicular  cistemae  was  found  (Fig 
43*38).  Of  the  two  animals  studied,  animal 


number  196  had  a  range  of  20  to  47  vesicles 
per  afferent  synapse  with  a  mean  value  of  34  0 
±  7.0  S.D.  (n  «=  H  outer  hair  cells),  and  ani¬ 
mal  number  204  had  a  range  of  32  to  48  with 
a  mean  value  of  39.0  i  4.5  S.D.  (n  ~'6  outer 
hair  cells).  These  values  are  illustrated  in  Fig¬ 
ure  434. 

Aftcr>thc  combined  exposure  to  81  dB 
SPL  for  21  days  and  to  105  dB  SPL  for  3  days, 
auditory  thresholds  were  measured,  and  the 
protective  effect  against  the  high-ihtensity  ex¬ 
posure  was  apparent.  The  pretreatment  re¬ 
sumed  in  approximately  a  20-dB  reduction  m 
the  threshold  shift  relative  to  animals  not  pre¬ 
exposed,  The  cochlea  of  this  animal  was  stud¬ 
ied  at  the  electron  microscopic  level,  and  the 
total  membrane  content  in  the  infranuclcar  re¬ 
gion  of  the  outer  hair  cells  was  determined  to 
be  almost  two  fold  that  of  the  control  outer 
hair  cell  (Fig  43-3Q-  This  animal  had  a  range 
of  vesicles  per  afferent  synapse  of  25  to  49 
and  a  mean  value  of  36  6  ±  7.8  S  D.  (n  =»  9 
outer  hair  cells)  (Fig  434).  Although  the  total 
number  of  vesicles  per  afferent  synapse  did 
not  differ  from  the  animals  exposed  only  to 
the  81-dB  tone,  the  number  of  tubulovcsicular 
cistcrnac  had  increased.  The  1.5  fold  increase 
is  marginal,  but  because  the  diameter  of  these 
cistcrnac  had  increased,  these  changes  are 
more  apparent 

According  to  the  widely  accepted  hypoth¬ 
esis  of  Heuser  and  Reese  (1973),  after  fiision 
of  the  synaptic  vesicle  with  the  presynaptic 
membrane  and  release  of  the  transmitter  into 
the  synaptic  cleft,  the  vesicular  membrane  is 
incorporated  into  the  plasmalemma.  The  ve¬ 
sicular  membrane  then  diffuses  laterally 
within  the  plasma  membrane  and  is  eventually 
retrieved  at  the  periphery  of  the  active  zone 
through  coated  vesicles.  The  coated  vesicles 
lose  their  coats  and  coalesce  to  form  smooth 
cistemae,  The  coated  vesicles  and  smooth  cis- 
ternae  arc  endocylic  organelles  able  to  gener¬ 
ate  and  refill  new  vesicles  with  transmitter.  An 
analogous  scheme  is  apparent  for  the  outer 
hair  cell  afferent  synapse  and  has  either  di¬ 
rectly  or  indirectly  been  suggested  by  various 
investigators  (Saito,  1983;  Nadol,  1983,  Ek- 
Strom  \on  Lubitz,  1981).  Figure  43-5A  illus¬ 
trates  the  scheme  for  the  unstimulated  outer 
hair  cell.  Vesicles,  coated  vesicles,  and  tubu¬ 
lovesicular  cistemae  arc  shown  undergoing 
membrane  recycling  in  a  manner  similar  to 
that  described  for  the  neuromuscular  junction 
(Heuser  and  Reese,  1973).  Figure  43-58  illus¬ 
trates  an  outer  hair  cell  after  acoustic  stimula¬ 
tion.  An  increased  turnover  of  the  membrane 
components  at  the  base  of  the  outer  hair  cell 
in  the  presynaptic  region  is  depicted.  The 
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Figure  43-3  left.  Electron  micrographs  of  the  Infranudear  region  of  outer  hair  cells  with  nerve  endings  from  the 
outer  spiral  fibers.  A,  Control  outer  hair  cell.  B,  After  exposure  to  81  dU  SPL for  24  da>s.  C  After  exposure  to  81  dB 
SPL  for  21  days  followed  by  exposure  to  105  dB  SPL  for  72  hours.  An  increase  in  the  total  membrane  content 
(vesicles,  coated  vesicles,  and  tubulovcsicular  clstemac)  is  noted  in  D  and  C.  Right,  Tracings  from  the  electron  mi¬ 
crographs  shown  on  the  left  to  illustrate  more  clearly  the  increase  in  membrane  components  in  B  and  C  compared 
to  A- 


finding  that  all  the  membrane  components  at 
the  base  of  the  outer  hair  cell  arc  increased  af¬ 
ter  stimulation  is  in  contrast  to  the  effect  of 
stimulation  at  the  neuromuscular  junction 
(Heuscr  and  Reese,  1973).  After  cither  1 
minute  or  15  minutes  of  stimulation  of  the 
motor  nerve  terminal,  the  total  amount  of 
membrane  components  remained  constant. 
Even  though  the  total  membrane  icmalncd 
constant,  there  was  a  depletion  of  vesicles  and 
an  increased  number  of  cisternal  membranes 
and  coated  vesicles.  The  depiction  of  vesicles 
is  believed  to  be  a  reflection  of  the  decrease  in 
the  postsynaptic  potential  that  was  monitored 
during  stimulation  of  the  muscle.  In  contrast, 


when  the  auditory  system  was  stimulated  with 
a  low-level  tone  (81  dB  SPL*  21  days),  the 
membrane  components  in  the  mfranuclear  re* 
gion,  the  area  opposing  the  afferent  synapse  of 
outer  hair  cells,  increased,  yet  changes  in  audi* 
tory  sensitivity  could  not  be  detected.  There 
was  an  overall  increase  in  all  membrane  com¬ 
ponents — te,  vesicles,  coated  vesicles,  and 
tubulovcsicular  cisternae.  However,  when  the 
auditory  system  was  stimulated  with  the  low- 
level  tone  followed  by  the  high  intensity  tone 
of  105  dB  SPL  for  72  hours,  the  increase  m 
membrane  components  was  not  uniformly  dis¬ 
tributed  amongst  all  of  the  membrane  compo¬ 
nents.  That  is,  the  tubulocistemae  showed  an 
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Figure  43-4  Total  membrane  content  per  afferent  syn¬ 
apse  for  individual  outer  hair  cells  after  different  noise 
conditions.  Total  membrane  content  is  the  sum  of  all 
vesicles,  coated  vesicles,  and  tubulovcslcu&r  dsternac 
at  the  base  of  the  outer  hair  cell.  The  total  membrane 
content  Is  normalized  to  the  number  of  afferent  syn¬ 
apses  tn  contact  with  the  outer  hair  cell  Each  point  is 
obtained  from  a  single  outer  hair  cell  from  a  control 
animal,  two  animals  exposed  to  81  dB  SPL  for  24  days, 
and  one  animal  exposed  to  81  dB  SPL  for  24  dap  fol¬ 
lowed  by  105  dB  SPL  for  72  hours. 


Figure  43*5  Schematic  Illustra¬ 
tion  shewing  the  recycling  of  the 
membrane  components  at  the 
base  of  an  outer  hair  cell  in  an  un* 
stimulated  outer  hair  cell  (A)  and 
after  exposure  to  a  low  level 
longterm,  nondamaging  acoustic 
stimulus  (B).  A  iwo  fold  increase 
in  the  turnover  of  the  membrane 
components  is  apparent  in  B,  Af¬ 
ferent  nerve  endings  (A),  Efferent 
nerve  endings  (EX 


increase  m  number  and  a  decrease  in  the 
number  of  vesicles,  whereas  the  number  of 
coated  vesicles  remained  the  same. 

These  findings  indicate  that  the  presynap- 
tic  region  of  the  outer  hair  cell  has  the  capac¬ 
ity  to  undergo  increased  membrane  recycling 
during  long-term,  Iow*Ievel  acoustic  stimula¬ 
tion.  This  includes  recycling  of  vesicles  as  well 
as  the  resynthesis  of  the  transmitter  substance. 
Short-term  acoustic  stimulation  apparently 
does  not  cause  similar  changes  in  the  region 
of  the  afferent  synapse  in  the  outer  hair  cell,  at 
least  in  the  cat  (Liberman  and  Dodds,  1987). 
It  has  been  previously  reported  that  the  total 
membrane  components  at  the  base  of  the 


outer  hair  cell  vary  in  an  inconsistent  fashion 
It  is  therefore  important  to  emphasize  that  it  is 
essential  to  normalize  the  total  membrane 
components  to  the  total  number  of  afferent 
synapses  in  contact  with  the  cell.  When  the 
total  membrane  components  are  normalized, 
it  is  found  that  the  membrane  values  arc  fairly 
constant  for  each  outer  hair  cell. 

The  increase  in  membrane  recycling  after 
exposure  to  low-level  stimulation  could  be 
one  underlying  mechanism  for  the  protection 
agaiast  noise  trauma.  Activity-dependent  im 
proument  of  synaptic  efficiency,  as  suggested 
from  the  present  study,  would  perhaps  en¬ 
hance  the  response  to  a  second  stimulation. 
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Flftiife  43-6  Fluorescent  mitocfiomJrUl  activity  in  iso¬ 
lated  outer  hair  celts  from  a  control  outer  hair  cell  (A) 
and  an  outer  hair  cell  after  exposure  to  81  dll  SP1  lot 
24  days  (B)  There  Is  no  qualitative  difference  in  the 
staining  pattern 


I-.ithcr  facilitation  or  long-term  potentiation 
could  play  a  role  in  tile  protection  against 
noise  trauma.  Tile  phenomenon  of  long-term 
potentiation  can  increase  the  efficiency  of  syn¬ 
aptic  release  for  a  period  of  several  weeks. 

The  outer  hair  cells  have  a  relatively 
slower  rate  of  recycling  membrane  compo¬ 
nents  compared  to  the  inner  hair  cells  as  ex¬ 
amined  by  the  horseradish  peroxidase  tech¬ 
nique  (Siegel  and  Brownell,  1986).  It  would 
be  interesting  to  perform  such  a  study  after 
exposing  animals  to  the  low-level  acoustic 
stimulation. 

Outer  Hair  Cell  Efferent 
Synapse 

Tile  large  efferent  nerve  endings  at  the 
base  of  the  outer  hair  cell  of  the  control  group 
and  the  two  groups  of  noise-exposed  animals 
showed  no  consistent  difference  In  the  density 
of  vesicles.  It  has  been  suggested  that  an  in¬ 
crease  in  the  density  of  vesicles  in  the  efferent 
nerve  ending  increased  following  noise  expo¬ 
sure  (Spoendlin,  1971).  In  the  present  study, 
however,  a  reduction  in  the  density  of  the  ves¬ 
icles  as  well  as  an  increase  in  the  diameter  of 


the  vesicles  occasionally  was  found  after  noise 
exposure.  This  anding  was  sporadic  and  it  is 
difficult  to  know  if  it  was  a  normal  variation  in 
the  efferent  synapse  or  if  it  was  the  result  of 
the  noise  exposure. 

Other  morphologic  changes  that  were 
studied  include  the  character  of  the  subsynap- 
tic  cistemae  and  its  distance  to  the  synaptic 
cleft.  No  obvious  alterations  were  noted.  It 
may  be  possible  that  short-term  stimulation  in¬ 
fluences  primarily  the  efferent  system  (Cody 
and  Johnstone,  1982;  Rajan,  1988).  Protection 
against  noise  trauma  was  found  by  stimulating 
the  efferents  for  a  short  duration,  cither  acous¬ 
tically  or  by  electrically  stimulating  the 
crossed  olivocochlear  bundle  prior  to  noise 
exposure.  The  effects  could  be  blocked  by  ap- 
plying  known  inhibitors  of  the  efferent  system. 
To  find  a  morphologic  correlate  to  these  find¬ 
ings  may  be  difficult  because  the  protective  ef¬ 
fect  after  these  short  durations  of  stimulation 
could  occur  at  the  level  of  the  ion  channel.  It 
seems  unlikely  that  these  changes  could  also 
be  related  to  an  increase  in  membrane  recy¬ 
cling  because  the  synthesis  of  new  protein  and 
transmitter  is  not  a  rapid  process, 

Mitochondria 

The  high  density  of  mitochondria  in  the 
Infranttclcar  region  of  the  outer  hair  cell  indi¬ 
cates  a  relatively  high-cncrgy  metabolism.  Ml- 
tochondria  arc  also  present  in  the  nerve  end¬ 
ings  under  the  hair  cells  as  well  as  under  the 
cutlcular  plate  and  along  the  longitudinal  axis 
of  the  cell  wall.  It  has  been  shown  that  mito¬ 
chondria  can  undergo  configurational  chances 
due  to  osmotic  shock  or  to  an  altered  meta¬ 
bolic  state  cither  through  increased  activity  or 
by  a  variety  of  chemical  agents  such  as  2,4-di- 
nitrophenol  (Rydzynski  and  Cieciura,  1980). 
Swollen  mitochondria  have  also  been  shown  to 
be  a  common  feature  after  acoustic  overstimu¬ 
lation  (Omata  and  Schatzlc,  1984).  Some  of 
these  mitochondrial  configurational  changes 
are  reversible,  but  if  the  insult  is  severe  enough 
they  can  undergo  necrosis. 

Qualitative  Measures  of 
Mitochondrial  Activity 

The  cationic  fluorescent  probe,  DiOCJSI, 
a  dicarbocyamne  dye,  has  been  shown  to  stain 
the  mitochondria  of  living  cells  (Johnson  ct  al, 
1981 ).  The  specific  interaction  of  the  dye  with 
mitochondria  is  related  to  the  high  transmem- 
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branc  potential  of  mitochondria.  This  fiuore$< 
cently  labeled  dye  was  used  to  determine  if 
the  long-term,  low-level  acoustic  stimulation 
had  altered  the  metabolic  capacity  of  the  mi¬ 
tochondria  of  outer  hair  cells  The  activity'  of 
the  mitochondria  in  isolated  outer  hair  cells  of 
the  control  group  (no  noise)  (n  «  24  cells) 
and  the  experimental  group  (81  dB,  21  days) 
(n  »  28  cells)  was  studied.  Outer  hair  cells 
from  the  15-,  16-,  and  17-nun  distance  from 
the  round  window  were  isolated  and  incu¬ 
bated  for  10  minutes  in  5  fiM  3,3'd*ethyl- 
oxacarbocyanine  (DiOCi(3)).  rinsed,. and  ex¬ 
amined  by  epillnorescencc  microscopy.  No 
qualitative  difference  could  be  discerned  be¬ 
tween  the  staining  pattern  of  the  outer  hair 
cells  from  the  two  groups.  Figure  4 3  6  show's 
a  control  outer  hair  cell  and  an  outer  hair  cell 
from  the  experimental  group.  Fluorescence  is 
noted  under  the  cuticular  plate,  along  the  Ion 
gitndinal  axis  of  the  piasma  membrane,  be¬ 
neath  the  nucleus,  and  within  the  synapses 
contacting  the  outer  hair  cell.  To  test  the  sen¬ 
sitivity  of  the  dye  to  detect  changes  in  mito 
chondrial  activity,  control  cells  were  preincu- 
batcd  in  4  mM  sodium  cyanide  for  30  minutes 
prior  to  the  incubation  with  the  fluorescent 
dyt,  D»OC2(3).  Under  this  condition,  there 
was  ncgliblc  staining  of  the  mitochondria  of 
the  outer  hair  cells.  Thus,  if  major  metabolic 
differences  exist  between  the  two  conditions, 
it  is  most  probable  that  the  technique  is  sensi¬ 
tive  to  detect  such  changes. 

Conclusion 

The  results  from  the  present  study  show' 
that  guinea  pigs  and  rabbits  can  be  protected 
against  noise  trauma  by  pre-exposure  to  a  low- 
level,  longterm  acoustic  stimulus.  The  low- 
levci  acoustic  stimulus  affords  long  lasting 
protection  for  up  to  several  weeks.  Electron 
micrographs  suggest  that  after  the  long  term 
acoustic  stimulation,  the  outer  hair  cells  un¬ 
dergo  Increased  membrane  recycling  in  the 
presynaptic  region  opposing  the  nerve  end 
ings  of  the  outer  spiral  fibers.  Although  the 
mechanism  for  the  protective  effect  against  a 
second,  damaging  acoustic  stimulus  is  not 
known,  one  possibility  is  an  increased  neuro¬ 
transmitter  pool  allowing  the  system  to  toler¬ 
ate  longer  durations  of  stimulation.  Other  pos¬ 
sibilities  for  the  protective  effect  include  mod¬ 
ulation  of  ion  channels,  rearrangements  of  the 
synaptic  complex,  changes  in  the  cytoskeletal 
framework  of  the  cell,  and  the  involvement  of 
second  messengers. 


Aspects  Fonctionnels  et 
Morphologiques  du 
Phenomene 
d’Entrainement  a 
L’Exposition  au  Bruit 

Le  montant  des  penes  auditives  induites 
par  le  bruit  peut  etre  modifie  par  differcntcs 
manipulations  experimcntales.  Dans  cette 
etude  nous  avons  essaye  de  reduire  les  effets 
lesionnels  du  bruit  en  pre-exposant  des  co* 
bayes  k  un  stimulus  acoustique  de  bas  niveau 
avant  une  exposition  a  un  bruit  traumatisant. 
Cette  idee  a  etc  devcloppec  k  partir  des  con¬ 
cepts  habituels  de  la  physiologie  cochlcaire,  ct 
entre  autres,  celui  selon  lequcl  les  cellules  cil¬ 
ices  cxterncs  auraient  Ic  memc  role  qu’un 
muscle.  En  appliquant  cettc  analogic  nous 
comptions  cxerccr  ou  “entrainer"  la  cochlcc  k 
etre  capable  dc  tolcrcr  dcs  expositions  so- 
norcs  de  plus  haut  niveau.  Un  groupc  de  co- 
bayes  a  etc  expose,  pendant  unc  longue  durlc, 
dc  fa^on  continue,  k  un  bruit  non  traumatisant 
( 1  kHz,  81  dB  SPL,  24  jours),  prealablemcnt  k 
une  exposition  connue  pour  provoquer  un  de- 
placement  permanent  dc  scuil  auditif  (PTS)  ( 1 
kllz,  103  dB,  3  jours).  Le  second  groupc  de 
cobaycs  n*a  pas  cte  pre-expose  k  la  stimulation 
de  bas  niveau,  niais  sculemcnt  au  bruit  trau¬ 
matisant.  La  reponse  k  chaquc  exposition  etait 
evaluec  en  determinant  le  scull  de  scnsibillte 
auditive  par  audiomCtric  au  niveau  du  tronc 
cerebral.  Apr£$  exposition  au  son  de  1  kHz  k 
105  dB  SPL  pendant  3  jours,  Ic  groupc  qui 
avalt  ct6  pre-expose  (entrainc)  montralt  ap- 
proxlmativemcnt  unc  reduction  du  niveau  de 
scuil  de  20  dB  par  rapport  aux  animaux  non 
pre-exposes.  Deuxiememcnt,  le  groupe  pre- 
expose  recuperait  totalcment  scs  fonctions  au 
ditives  apres  un  repos  de  2  mots.  Le  groupe 
qm  n’avait  pas  cte  pre-expose  au  stimulus  pre¬ 
amble  continual!  de  montrer  un  deplacement 
de  scuil  dc  20  k  30  dB, 

Suite  k  ces  resultats  nous  avons  etendu 
nos  recherches  en  manipulant.  ( 1 )  les  paramfc- 
tres  dc  la  pre-exposition  (2)  1’intervallc  de 
temps  entre  la  pre-exposition  et  l'exposition 
traumausante.  Nous  avons  egalement  elargi  la 
gamme  de  tests  electrophysiologiques  pour 
determiner  la  scnsibillte  auditive,  et  egale¬ 
ment  etudie  la  nature  du  phenomene 
d’entraincment  chez  le  lapm.  De  plus,  les  re¬ 
sultats  prelimmatrcs  obtenus  au  microscope 
electronique  indiquent  que  des  changements 
morphologiques  non  traumatiques  apparats- 
sent  dans  la  region  post-synaptique  k  la  base 
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dcs  cellules  cilices  exiernes,  suggdzni  quc 
Tcranuncment"  peur  mflucncer  Ictus  ca¬ 
ps  circs  mmboliqucs.  Les  rcstrlms  mettent  cn 
evidence  qu'aprcs  Tcmralncnicm"  h  senstbi- 
litc  dc  b  cochlce  au  trzuma  acoustiquc  pcut 
ctrc  modifiee  par  les  cellules  cilices  extemes. 
11  but  ccpendant  souligner  quc  1c  mccanisxiic 
sous-jacent  de  reflet  "d* cntraincraent*  est  in- 
connu.  11  rcstc  encore  a  determiner  Ic  r6le 
quc  jouent,  les  muscles  de  foreiile  nxnennc. 
la  circulation  sanguine  cocftlcairc.  la  racca- 
nique  dc  la  membrane  basil iairc,  dans  reflet 
“d'emnunemenL" 
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CHAPTER  44 


Physical  Exercise  and  Active  - 
Protection  from  Temporary 
Threshold  Shift 

VITTORIO  COLLETTI 
FRANCESCO  G.  FIOR1NO 
GIUSEPPE  VERIATO 
GIANCARLO  Z.  MONTRESOR 


A  common  finding  in  all  studies  of  noise- 
induced  hearing  loss  (NIHL)  is  significant  indi¬ 
vidual  variability  in  susceptibility  (Bums, 
1973;  Ward,  1973;  Robinson,  1976;  Melnick, 
1978).  The  reasons  for  this  variability  arc  still 
unknown,  although  several  endogenous  and 
exogenous  factors  have  been  proposed.  En¬ 
dogenous  factors  reported  to  contribute  to 
variability  include  age,  sex,  resonance  of  the 
external  ear,  middle-car  impedance,  acoustic 
reflex  properties,  body  temperature,  physical 
effort,  stress  sensitivity,  cochlear  blood  supply, 
cochlear  pigmentation,  and  ovarian  cycle 
(Borg,  1968;  Sandcn  and  Axclsson,  1981;  Den- 
gerink  et  al,  1984;  Humes,  1981).  Exogenous 
factors,  such  as  ambient  temperature,  vibra¬ 
tions,  drug  intake,  smoking,  and  physical  activ¬ 
ity,  can  also  influence  susceptibility  to  pro¬ 
cesses  that  damage  hearing  (Hamcmik  ct  al, 
1981,  Humes,  1984,  Manninen  and  Ekblom, 
1984,  Dengcrink  ct  al,  1984,  Drcttncr  ct  al, 
1985;  Byrne  ct  al,  1989). 

A  recent  study  stressed  the  importance  of 
the  interaction  between  noise  and  physical  ac¬ 
tivity  on  the  amount  of  tempo  ran’  threshold 
shift  (TTS)  (Lindgrcn  and  Axclsson,  1988). 
Normal-hearing  youngsters  were  exposed  to  a 
narrow-band  noise  at  105  dB  SPL  for  10  min¬ 
utes  The  results  indicated  that  the  combina¬ 
tion  of  noise  and  simultaneous  physical  exer¬ 
cise  (40  percent  of  the  maximum  work  load 
capacity)  elicited  a  larger  amount  of  TTS 
when  compared  with  test  conditions  of  noise 
alone,  noise  before  exercise,  and  noise  during 
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recovery.  The  investigators  attributed  the 
greater  TTS  to  increases  in  whole-body  meta¬ 
bolic  demand  and  in  blood  temperature, 
which  depleted  cochlear  reserve  capacity. 

One  of  the  most  important  endogenous 
variables  in  susceptibility  to  NKIL  is  the  mid¬ 
dle-car  transfer  function.  Small  differences  in 
the  resonant  frequency  or  in  sound  transfor¬ 
mation  across  individuals  may  have  a  signifi¬ 
cant  influence  on  the  spectrum  of  noise  inten¬ 
sity  reaching  the  inner  car.  In  this  context,  dif¬ 
ferences  in  the  amount  of  attenuation  pro¬ 
vided  by  the  acoustic  reflex  (AR)  over  time 
may  play  an  important  role  in  individual  sus¬ 
ceptibility  (Collctti  and  Siltoni,  1986,  Borg, 
1968) 

The  effectiveness  of  AR  in  acoustic  trauma 
protection  has  been  debated  for  several  years 
Certain  features  of  the  reflex,  mainly  its  rapid 
decay,  suggest  that  the  sound  attenuation  pro¬ 
vided  by  stapedius  contraction  is  of  minor  im¬ 
portance.  However,  studies  performed  in  real 
or  simulated  industrial  conditions  show  that 
the  AR  decay  can  be  orevented  by  changing 
the  spectral  or  temporal  characteristics  (or 
both)  of  the  eliciting  stimuli  (Zakrisson  and 
Borg,  1974,  Kaplan  et  al,  1977,  Lutman  and 
Martin,  1978,  Borg  ct  al,  1979,  Nilsson  ct  al, 
1980).  In  addition,  it  has  been  demonstrated 
that  when  the  AR  is  not  operating,  the  amount 
of  ITS  is  not  only  greater  in  the  4-kHz  region 
but  also  extends  to  the  speech  frequencies 
(Zakrisson  ct  al,  1980,  Nilsson  ct  al,  1980).  In 
fact,  the  observations  that  a  low-frequency 
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(0.5  kHz)  exposure  can  yield  injuries  several 
octaves  above  the  exposure  frequency  (Fried 
ct  al.  19 76).  and  that  a  conductive  loss  in  the 
low-frequency  range  decreases  the  amount  of 
the  permanent  threshold  shift  (PTS)  at  4  kHz 
(Nilsson  ct  al.  19SOX  suggest  that  even  though 
the  attenuation  provided  by  the  AR  is  primar¬ 
ily  in  the  low'  frequencies,  the  AR  can  also  de¬ 
crease  the  risk  of  damage  at  high  frequencies. 

On  the  basis  of  these  considerations,  it 
has  been  suggested  that  the  measurement  of 
an  individual's  reflex  characteristics  may  be 
useful  to  predict-  susceptibility  to  N1HL  (Jo¬ 
hansson  ct  al,  1967;  Colletti  and  Sittoni, 
1986).  However,  this  simple  approach  docs 
not  take  into  account  simultaneous  factors 
that  can  interact  with  AR  efficiency,  such  as 
drug  intake,  physical  effort,  inner  car  disor¬ 
ders,  and  toxic  substances. 

In  addition,  other  studies  suggest  that  AR 
response  is  affected  by  mental  tasks  requiring 
attention,  such  as  selecting  words  in  a  passage 
of  writing  (Corcoran  ct  al,  1980),  solring  a  vi¬ 
sual  maze,  or  mathematical  problems  (Robin* 
ette  and  Snyder,  1982).  Interestingly,  when  at¬ 
tention  is  concentrated  on  auditor)'  stimuli, 
AR  depression  is  nearly  absent.  Corcoran  ct  al 
(1980)  also  observed  that  simple  eye  closure 
increased  the  amplitude  of  the  AR  response, 
possibly  as  a  consequence  of  a  general  en¬ 
hancement  in  muscle  tone. 

If  such  simple  tasks  arc  able  to  modify  the 
AR  activity,  it  can  be  argued  (hat  physical  ac¬ 
tivity  is  a  major  factor  of  AR  response  modifi¬ 
cation.  To  investigate  this  hypothesis,  we  con¬ 
ducted  two  experiments  with  the  following 
aims:  (1)  to  clarify  whether  dynamic  physical 
exercise  is  able  to  modify  AR  activity  and  (2) 
to  evaluate  whether  the  modification  of  the 
AR  by  physical  exercise  influences  the  amount 
of  ITS. 


Materials  and  Methods 

Subjects 

The  experimental  subjects  were  10  male 
volunteers,  aged  27  to  34  years  (mean  30  8) 
The)'  were  staff  or  students  of  the  University 
of  Verona.  Each  subject  showed  normal  hear¬ 
ing  sensitivity  (less  than  20  dB  HL)  at  all  test 
frequencies  (250  to  8000  Hz)  with  pure-lone 
audiometry  (Amplaid  A  455  with  TDH-39 
headphones- in  MX-41/AR)  and  normal  middle- 
ear  pressure  (i  25  daPa).  Threshold  of  the 
contralateral  or  ipsijatcral  AR  for  tonal  or 
noise  stimuli  was  less  than  90  dB  SPL  Subjects 
had  no  history  of  car  disease  or  exposure  to 


hazardous  noise  2nd  presented  normal  tym¬ 
panic  membrane  on  otoscopic  examination. 

Work  Capacity 
Determination 

Prior  to  beginning  the  experiment,  each 
subject’s  maximum  work  capacity  was  estab¬ 
lished  on  an  ergometer  cycle  (Monark,  Stock¬ 
holm,  Sweden).  After  a  rest  period  of  at  least 
30  minutes  the  subjects  performed  a  maximal 
incremental  test  to  exhaustion.  The  work  load 
was  increased  ever)'  2  minutes  in  25-watt 
steps,  and  the  wattage  value  of  the  last  com¬ 
pleted  step  was  considered  the  maximum 
work  capacity.  The  amount  of  physical  exer¬ 
cise  performed  by  each  subject  during  the  10- 
minute  experimental  session  was  then  fixed  at 
50  percent  of  the  individual  maximum  work 
capacity. 

Test  Conditions 

Subjects  were  randomly  submitted  to  the 
following  five  test  conditions  on  different  days 
for  a  total  test  period  of  5  dap.  ( I )  During  the 
exercise,  the  AR  morphology  in  the  right  car 
was  recorded  following  white  noise  (WN) 
stimuli  to  the  contralateral  ear  at  15  dB  SL  (re 
AR  threshold).  Measurements  were  taken  im¬ 
mediately  before  exercise  (time  0),  at  1,2,  4, 
6.  8,  and  10  minutes  of  exercise,  as  well  as  at 
2, 5,  and  10  minutes  of  recover)’.  (2)  As  a  con¬ 
trol,  AR  morphology  was  also  assessed  during 
a  20-nunutc  period  of  rest.  The  test  procedure 
was  identical  to  test  1,  the  only  difference  be¬ 
ing  the  absence  of  physical  activity.  (3)  The 
third  condition  was  the  evaluation  of  the  am- 
phtudc/intensity  function  of  AR  at  the  same 
time  intervals  as  tests  1  and  2;  WN  stimuli 
were  used,  with  an  intensity  increasing  from 
60  to  1 15  UB  in  5  dB  steps  Only  five  subjects 
were  submitted  to  this  test.  (4)  In  the  fourth 
ccndition,  the  AR  decay  was  measured  during 
noise  exposure  to  the  left  ear,  and  the  amount 
of  TTS  following  exposure  was  studied.  Dur¬ 
ing  a  10  minute  period  of  exercise,  a  105-dU 
SPL  white  noise  wis  continuously  presented 
to  the  left  car.  Reflex  amplitude  was  moni¬ 
tored  m  the  right  car  at  the  onset  of  noise  and 
at  1,  2,  4,  6,  8,  and  10  minutes  of  exposure. 
Purc-tonc  audiometry  in  the  left  ear  (3,  4,  6, 
and  8  kHz)  was  performed  immediately  before 
and  after  (2,  5,  10,  and  20  minutes)  noise  ex¬ 
posure.  (5)  For  the  final  condition,  the  same 
protocol  as  test  4  was  repeated  in  the  absence 
of  exercise,  so  that  each  subject  served  again 
as  his  own  control 
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Acoustic  impcifcnce  measurements  were 
carried  out  with  a  commercial  instrument 
(Amplaid  720  clinical  admittance,  meter) 
equipped  with  an  X-Y  recorder.  The  contralat¬ 
eral  stapedius  reflex  was  elicited  by  acoustic 
stimuli  of  1  second  duration  and  30  seconds 
rise-fall  time,  administered  to  the  left  car 
through  TDH-39  earphones.  To  evaluate  AR 
morphology,  four  time-domain  parameters  of 
the  AR  were  examined  according  to  Collctti 
(1974)  and  Borg  (1976).  (A)  Onset  latency: 
Time  interval  between  stimulus  onset  and  10 
percent  of  the  maximum  amplitude  of  the  re¬ 
sponse.  (B)  Delay  time:  Time  required  for  the 
response  to  reach  50  percent  of  maximum 
amplitude.  (C)  Rise-time:  Time  required  for 
the  response  to  rise  from  10  to  90  percent  of 
its  final  value.  (D)  Amplitude:  Height  of  the  re¬ 
sponse  at  steady  state  expressed  as  relative  ad¬ 
mittance  changes. 

To  study  the  amplitude/intensity  function 
of  AR,  the  reflex  amplitude  was  recorded  at 
different  stimulus  intensities  as  the  absolute 
change  of  admittance  in  chbic  centimeters 
(cc).  Experimental  data  were  fitted  with  the 
following  sigmoidal  logistic  function  (Mendel- 
owitz  and  Seller,  1980): 

Y  max 

~T+ A-c‘vV 

To  evaluate  the  fit,  we  calculated  correla¬ 
tion  coefficients  and  standard  error  of  esti¬ 
mates  (Spiegel,  1961). 

Subsequent  analysis  was  centered  on  the 
following  parameters,  threshold,  defined  *  as 
stimulus  intensity  at  which  the  increase  in 
slope,  i  e.,  the  second  derivative  of  curve,  is 
maximum;  maximal  slope;  and  Y  max,  defined 
as  the  range  of  AR  amplitude  (Mcndclowitz 
and  Scher,  1980) 

During  noise  exposure  to  the  left  car  per¬ 
formed  in  tests  4  and  5,  the  contralateral  AR 
response  was  continuously  monitored  and 
changes  in  compliance  with  respect  to  the 
baseline  values  were  recorded.  Percentage 
modifications  with  respect  to  onset  amplitude 
were  reported  at  1, 2, 4, 6,  8,  and  10  minutes. 

The  static  pressure  in  the  external  ear  was 
continuously  monitored  and  maintained  at  the 
point  of  maximum  compliance.  The  subject’s 
hearing  thresholds  before  and  after  noise  ex¬ 
posure  were  established  for  the  left  car  with  a 
manual  audiometer  (Amplaid  A  155  with 
TDH-39  earphones  in  MX-41/AR)  at  the  fre¬ 
quencies  of  3,  4,  6,  and  8  kHz.  TPS  was  de¬ 


fined  as  the  difference  in  decibels  between 
post-  and  pre-exposure  hearing  thresholds  at 
the  frequencies  given  above. 

Statistical  Analysis 

Two-way  analysis  of  variance,- (ANOVA) 
for  repeated  measurements  was  performed  for 
statistical  comparison.  Sources  of  variability 
were  represented  by  time,  presence  or  ab¬ 
sence  of  exercise,  and  interaction  between 
time  and  exercise.  Simple  contrasts  were  also 
performed  at  corresponding  intervals  between 
exercise  and  no  exercise  conditions.  Regres¬ 
sion  analysis  was  used  to  evaluate  the  relation¬ 
ship  between  TTS  and  AR  amplitude  during 
tests  4  and  5.  A  significance  level  of  005  was 
chosen. 

Results 

Work  Capacity 

The  subjects'  maximum  work  capacity 
ranged  from  125  to  225  W,  with  a  mean  of 
185  \V.  Therefore,  the  actual  work  load  per¬ 
formed  during  Ihc  cxpcrimcmal  sessions  at  50 
percent  of  the  maximum  work  capacny 
ranged  from  62.5  to  112.5  W  (mean.  92  5) 

Effect  of  Exercise  on  AR 
Parameters 

Table  -f4*l  displays  the  means  and  the 
standard  errors  of  lime-domain  AR  parameter 
recorded  before,  during,  and  after  exercise 
(test  1).  Figurcs-H-l  and  44-2  compare  Ihe 
outcome  obtained  for  each  time-domain  pa¬ 
rameter,  expressed  respectively  as  absolute 
changes  and  percent  changes,  for  Ihc  condi¬ 
tions  of  “noise  with  exercise"  and  "noise 
only."  These  parameters  remained  fairly  con¬ 
stant  during  time  control  experiments,  but 
changed  markedly  during  exercise. 

Tlic  onset  latency  was  m.2  4  10.2  ms 
(mean  -SF.M)  at  rest,  rapidly  increased  at  the 
onset  of  exercise  (reaching  131  47.5  ms  at  4 
minutes),  and  slowly  decreased  thereafter 
However,  Ihe  difference  between  experimen¬ 
tal  and  control  conditions  was  not  significant 
for  either  percentage  or  absolute  values. 

Tlic  time  course  of  delay  time  was  ap¬ 
proximately  parallel  to  that  of  the  onset  la¬ 
tency  just  described.  Delay  rime  was  179 
—  15  3  ms  before  the  onset  of  Ihe  "exercise” 
and  reached  peak  values  of  about  205  ms  1  to 
4  minutes  after  the  onset  of  exercise.  The  dif- 


TABLE  -44-1  Modification  of  AR  Parameters  During  the  Exera'se  and  Recovery 
(Absolute  Values) 

TIME 

(MIN) 

LATENCY-TIME  (MS) 

DELAY-TIKE  (MS) 

RISE-TIME  (MS) 

AMPLITUDE  (CC) 

0 

1112 

179 

1833 

0075 

(-102) 

(£15.3) 

(£139) 

(£0008) 

1 

127 

203 

2423 

0067 

(-91) 

(£152) 

(£21.2) 

(£0008) 

2 

12-4 

203 

245 

005S 

(—*2.2) 

(£189) 

(£22.4) 

(£0006) 

4 

131 

205.5 

2363 

0056 

&7S) 

(£IZ6) 

(£20.4) 

(£0007) 

6 

118 

1867 

242.5 

0065 

(£9.1) 

(£137) 

(£217) 

(£0008) 

8 

120 

1873 

222 

0064 

(£&8) 

(si  1.3) 

(£148) 

(£0007) 

10 

1213 

189 

2353 

0065 

(£7.1) 

<Sl»-5) 

(£146) 

(£0006) 

12 

126 

1963 

2485 

0069 

(£96) 

(£115) 

(£164) 

(£0008) 

IS 

ms 

196.5 

231 

0070 

(£9.2) 

(£146) 

(£10) 

(£0009) 

20 

117 

1905 

1893 

0070 

(£101) 

(£14.1) 

(£196) 

(£0009) 

AR  LATENCY  AR  DELAY  TIME 


Figure  44-1  Time  course  of  the  acoustic  reflex  (AR)  parameters  before,  during,  and  after  the  exercise  (squares) 
The  onset  and  the  end  of  exercise  arc  indicated  by  \ertical  dotted  lines.  Time  control  results  (no  exercise)  arc 
indicated  by  triangles.  Values  (mean  £  SEM)  are  expressed  in  milliseconds  (latency,  delay,  and  rise  times)  and  ad 
mittancc  changes  In  cubic  centimeters  (amplitude)  One  star,  p  <  005:  two  stars  p  <  0  01 
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Figure  44*2  Time  course  of  ihc  acoustic  reflex  (AR)  parameters  before,  during,  and  after  the  exercise  (squares X 
The  onset  and  the  end  of  exercise  arc  indicated  by  vertical  dotted  lints.  Time  control  results  arc  indicated  by  tri 
angles.  Hie  vertical  axis  corresponds  to  the  percentage  of  change  of  the  basal  values.  One  star  p  <  005,  two  stars 

p  <  00! 


Terence  between  the  experimental  and  control 
conditions  was  significant  at  the  005  level. 
Simple  contrast  comparison  was  significant 
from  l  to  4  minutes 

Greater  modifications  were  observed  with 
the  rise-time  of  the  AR.  This  time-domain  pa¬ 
rameter  shifted  from  183.5  ± 13  9  ms  at  rest 
to  242  5  ±21.2  ms  at  1  minute  of  exercise,  re¬ 
mained  elevated  up  to  5  minutes  after  exer¬ 
cise,  and  then  returned  to  baseline  values.  The 
rise-time  increase  during  exercise  and  early 
recovery  was  more  than  30  percent.  The  two- 
way  analysis  of  variance  showed  highly  signifi¬ 
cant  differences,  both  for  absolute  changes 
and  percentages  of  change. 

Amplitude  of  the  reflex  displayed  initial 
values  of  0  075  ±0  008  cc  and  decreased  dur¬ 
ing  exercise,  reaching  a  plateau  at  2  and  4 
minutes  (about  0055  cc).  Thereafter,  the 
magnitude  of  the  reflex  slowly  increased  but 
did  not  reach  the  initial  value.  The  maxima! 


amount  of  change  expressed  as  a  percentage 
was  about  -25  percent.  The  difference  with 
the  ume  control  condition  was  significant  at 
virtually  all  Ume  intervals.  Figure  44-3  shows 
the  input-output  relation  between  amplitude 
of  the  reflex  and  intensity  of  the  stimuli  in 
decibels  SL  At  the  onset  of  exercise  the  curve 
was  depressed  at  all  intensity  levels  and  ap¬ 
proached  basal  values  thereafter. 

Figure  44-4  displays  the  logistic  function 
parameters  expressed  as  ^  percentage  of  mod¬ 
ification,  At  the  onset  of  exercise,  a  moderate 
decrease  m  Y-max  and  a  mild  increase  in 
threshold  were  observed,  whereas  the  maxi¬ 
mal  slope  presented  a  large  increase  at  the 
end  of  exercise.  In  spite  of  a  clear  trend  to 
wards  a  change  from  baseline  values,  the  sta¬ 
tistical  analysis  did  not  show  any  significant 
difference,  possibly  because  of  the  small  num¬ 
ber  of  subjects  submitted  to  this  ttst  (N  =  5) 
or  because  of  the  lack  of  temporal  controls. 
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WrCtfiTV  (<B  a) 

Figure  44-3  Input  output  function  of  the  acoustic  reflex  (AR)  before,  during,  and  after  the  exercise.  Ttic  curve 
obtained  at  rest  Is  reported  for  comparison  In  each  figure  Values  arc  expressed  in  decibels  SL  (re  AR  threshold)  and 
as  a  percent  of  the  maximal  amplitude  obtained  at  rest. 


Timo  -  rnln. 


Figure  44-4  Logistic  function  parameters  of  the  acoustic  reflex  (AR)  input-output  curves,  expressed  as  a  percent 
age  of  modification  of  the  base)  values  Vertical  bars  correspond  to  1  S  D 
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FfCQjoncy  in  kHz  Froqjency  in  kHz 

Figure  44*5  Temporary  threshold  shift  (ITS)  2  to  20  minutes  after  noise  exposure  with  and  without  exercise. 


Effect  of  Exercise  on  TTS 

Tic  second  purpose  of  the  present  study 
was  to  investigate  the  effect  of  physical  exer¬ 
cise  on  the  amount  of  TTS  and  the  role  of  AR 
depression  in  the  interaction  between  noise 
and  exercise.  Figure  44-3  show  the  tempo¬ 
rary  threshold  shifts  from  2  to  20  minutes  af¬ 
ter  the  exposure  as  a  function  of  frequency. 
The  frequencies  of  4  and  6  kHz  displayed  the 
greatest  TTS  in  both  conditions.  Two  minutes 
after  the  exposure,  the  TO  amounted  to  14 
±1.8  dB  (4  kHz)  and  9.5  ±2.6  dB  (6  kHz)  in 
the  “noise  only"  condition,  and  to  18  ±  1,7  dB 
(4  kHz)  and  13  ±2  dB  (6  kHz)  for  the  “noise 
with  exercise."  The  mean  difference  in  TTS 
between  both  conditions  was  largest  at  8  kHz 
with  regard  to  the  frequency,  and  at  2  minutes 
following  exposure  with  regard  to  the  recov¬ 
ery  time. 

Figure  44-6  compares  the  TTS  obtained  at 
each  frequency  in  both  conditions  as  a  func¬ 
tion  of  time  As  expected,  TO  displayed  a  pro¬ 
gressive  decline  (/>  less  than  0  001),  especially 
from  the  second  to  the  fifth  minute.  A  greater 
TO  occurred  after  the  “noise  with  exercise" 
condition. 

The  difference  between  exercise  and  con¬ 
trol  experiments  approached  statistical  signifi¬ 
cance  at  4  and  8  kHz.  However,  when  single 
temporal  steps  were  compared  with  simple 
contrasts,  at  3  kHz  the  difference  in  recovery' 
curves  was  highly  significant  (p  less  than  001) 
at  2  and  5  minutes  and  just  significant  (p  less 
than  005)  at  10  minutes.  At  4  kHz,  the  differ¬ 
ence  was  significant  only  at  2  minutes.  The 
recovery  curves  at  6  and  8  kHz  displayed 


highly  significant  differences  at  2,  5,  and  10 
minutes  and  a  just-significant  difference  at  20 
minutes 

AR  amplitude  was  continuously  moni¬ 
tored  during  noise  exposure.  As  may  be  seen 
from  Figure  44-7,  AR  decayed  faster  when  sub¬ 
jects  were  exercising  Tie  mean  half-life  time 
of  the  AR  recorded  at  rest  occurred  at  about  6 
minutes,  and  the  final  mean  amplitude  was 
34.2  percent  of  the  initial  value,  AR  recorded 
during  exercise  reached  the  half-life  time  at 
about  4  minutes  and  displayed  final  ^lucs  of 
24.7  percent. 

In  spite  of  this  trend,  the  difference  be¬ 
tween  the  two  test  conditions  only  ap¬ 
proached  significance  However,  comparison 
at  single  intervals  showed  highly  significant 
differences  (p  less  than  0001)  at  4  and  10 
minutes  and  a  just-significant  difference  (p  less 
than  005)  at  6  and  8  minutes 

Further  statistical  analysis  involved  corre¬ 
lation  of  mean  TTS  with  mean  AR  amplitude 
during  noise  exposure.  The  regression  analysis 
did  not  show  any  significant  correlation  be¬ 
tween  the  two  parameters,  except  at  4  kHz 
where  the  TTS  value  was  directly  proportional 
to  the  AR  decay.  Surprisingly,  this  correlation 
disappeared  when  noise  was  administered 
during  exercise  (Fig  44-8) 

Discussion 

Tie  main  purpose  of  the  present  research 
was  to  evaluate  whether  dynamic  physical  ex¬ 
ercise  is  able  to  modify  AR  activity  In  addi 
tion,  the  possibility  that  physical  activity  could 
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Figure  44-6  Temporary  threshold  shift  fTTS)  as  a  function  of  time.  Squares,  noise  with  exercise  condition,  man 
gles.  noise  without  exercise. 


Figure  44.7  Acoustic  reflex  (AR) 
decay  during  noise  exposure 
Squares,  noise  with  exercise 
condition,  triangles,  noise  without 
exercise 
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Figure  44*8  Regression  analysis 
between  mean  temporary  threshold 
shift  (ITS)  and  mean  acoustic  reflex 
(AR)  decay  at  4  kHz,  obtained  during 
both  test  conditions  (noise  exposure 
with  and  without  exercise X 


influence  the  susceptibility*  to  ITS  through  a 
modification  of  AR  was  also  examined.  These 
issues  arc  of  practical  interest  because  work¬ 
ers  arc  often  submitted  to  noise  when  per- 
forming  physical  activity.  For  this  purpose, 
some  AR  parameters  were  Investigated  both  at 
rest  and  during  physical  exercise. 

The  present  data,  although  preliminary,  al¬ 
low  the  following  conclusions; 

h  Dynamic  physical  exercise  depresses 
the  AR,  Specifically,  there  Is  a  signifi¬ 
cant  increase  in  delay  time  and  rise 
time  as  well  as  a  decrease  in  amplitude, 
mainly  at  the  onset  of  exercise. 

2  Dynamic  physical  exercise  potentiates 
noisc-indnced  ITS,  in  agreement  with 
Undgren  and  Axclsson  (1988).  They 
attributed  the  “extra"  ITS  to  a  deple¬ 
tion  in  cochlear  reserve,  possibly 
caused  by  increase  In  blood  tempera¬ 
ture,  metabolic  changes,  or  both. 

One  of  the  aims  of  the  present  study  was 
to  clarify  whether  the  AR  is  involved  in  this 
phenomenon.  The  correlation  studies  be¬ 
tween  the  amount  of  TTS  and  AR  decay  did 
not  furnish  cl  ear  cut  data,  however  The  per- 
stimulatory  AR  decay  was  statistically  corre¬ 
lated  with  TTS  only  at  4  kHz  for  the  condition 
“noise  without  exercise* 

There  are  se\eral  possible  mecliamsms 
underlying  our  findings.  It  is  known  that  exer¬ 
cise  can  modulate  other  types  of  reflexes,  for 
instance,  the  soleus  H  reflex  is  inhibited  by 
isometric  leg  flection  (Gritti  and  Schieppati, 
1989).  Arterial  baroreflexes  and  reflexes  aris 
ing  from  cardiac  baroceptors  are  attenuated 
by  dynamic  exercise  (Staessen  et  al,  1987, 
Ludbrock  and  Graham,  1985) 


Hie  exercise-induced  AR  depression  at 
the  onset  of  exercise  may  be  caused  by  ccn 
tral  neural  mechanisms,  reflex  neural  mecha¬ 
nisms,  or  both  (Mitchell,  1985;  Kjacr,  1989). 
Flic  AR  depression  observed  during  dynamic 
exercise  is  similar  to  the  AR  depression 
caused  by  mental  tasks  requiring  attention, 
such  as  selecting  words  in  a  passage  of  writ¬ 
ing.  solving  a  visual  maze,  or  mathematical 
problems  (Corcoran  et  al,  1980,  Robinette 
and  Snyder,  1982).  Interestingly,  when  atten¬ 
tion  is  concentrated  on  auditory  stimuli,  de¬ 
pression  is  nearly  absent  (Corcoran  et  al, 
1980). 

On  the  other  hand,  the  AR  depression 
could  be  attributed  to  inhibitory  influences  in 
the  brain  stem  arising  from  contracting  mus¬ 
cles.  A  similar  mechanism  has  been  demon¬ 
strated  for  the  arterial  and  cardiac  barore¬ 
flexes  depression  during  exercise  (Mitchell, 
1985) 

Dynamic  exercise  causes  biochemical 
blood  modifications,  such  as  an  increase  in  po¬ 
tassium  and  lactate,  a  decrease  in  free  fat  ac¬ 
ids,  and  changes  In  pH  (Wall re n  et  al,  1971) 
These  modifications  could  underlie  the 
changes  m  AR  response  observed  in  the  sec¬ 
ond  half  of  the  exercise  and  following  exer¬ 
cise 

Tlie  reason  for  TTS  potentiation  during 
dynamic  physical  effort  remains  unexplained 
Our  data  showed  the  largest  effect  at  8  kHz,  a 
frequency  not  thought  to  be  attenuated  by  AR. 
Metabolic  factors,  as  ad\ocated  by  Lingren  and 
Axelsson  (1988),  could  be  the  cause,  but  m 
\olvement  of  the  AR  cannot  be  ruled  out  for 
lower  frequencies. 

To  clarify  some  unresolved  questions,  we 
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plan  to  study  the  AR  and  TTS  values  under 
static  exercise,  such  as  the  Jendrassix  hand- 
clenching  maneuver  and  handgrip.  This  future 
research  will  probably  allow  a  better  interpre¬ 
tation  of  the  present  findings  and  of  their  prac¬ 
tical  implications. 

influence  de  I’Activite 
Physique  sur  la  Protection 
contre  ia  Fatigue  Auditive 

Les  deficits  auditifs  temporaires  (TTS) 
apres  unc  exposition  au  bruit  sont  potential* 
iscs,  chcz  1‘homme,  par  un  exerclcc  physique 
(Undgrcn  ct  Axclsson,  1988).  Pulsquc  le  re- 
flexe  stapedicn  cxercc  un  role  protcctcur  vis- 
3*vi$  des  traumatismes  acoustiques,  11  cst  pos¬ 
sible  qu'unc  baissc  dc  son  cflicacitc  soit  re* 
sponsable  dc  ITS  plus  elcvCs.  Cinq  \olon* 
taircs,  entendant  corrcctemcnt,  ag£s  dc  29  & 
ans  ont  etc  testds  pour  verifier  ccttc  hy¬ 
pothec. 

Avant  chaquc  experience,  chaque  sujel 
dalt  tcst6  avee  un  mxxlmum  d’exerclces,  par 
ordre  croissant  d  un  cycle  ergomfrrique.  Dans 
le  jour  qul  sulvalt,  les  para  met  res  du  reflexe 
stapedicn  etaient  lvalues  (latence  el  ampli¬ 
tude)  avant,  pendant  ct  aprfcs  un  exerclcc  test 
realist  i  50%  dc  la  capacite  dc  travail  maxi- 
male  pendant  10  minutes. 

Le  reflexe  stapedicn  6talt  passag^rement 
dlmlnue  au  d6but  de  l'cxcrclcc.  La  latence 
ctait  augments  de  11,1  +  7,4  %  aprfcs  1 
minute  ct  I'amplitude  dlminuee  de  18,7  *f  9,3 
%  aprts  4  minutes.  Ccs  variations,  cependant, 
n’etaient  pas  statisUqucmcnt  slgmficatives  ct 
disparaissaient  par  la  suite. 

Ccs  result  at  s  prellmlnalres  indiquent 
qu’unc  interaction  entre  une  activite  physique 
ct  1’eflicacite  du  reflexe  stapedicn  pern  cxlster 
mais  demande  des  investigations  supplemcn 
taircs. 
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CHAPTER  45 


Status  and  Shortcomings  of  Military 
Noise  Standards 

ARMAND  L  DANCER 


In  the  military  environment,  noise  is  a  severe 
hazard  to  hearing  and  can  be  ariimiting  factor 
in  the  use  of  some  weapons.  Two  different 
types  of  noise  can  be  found  in  these  environ¬ 
ments. 

Continuous  or  intermittent  noises.  Inside 
vehicles  (c.g,  tank,  army  personnel  carrier, 
helicopter)  the  acoustic  level  can  exceed  120 
dB  SPL  The  hazard  resulting  front  exposure  to 
these  noises  can  be  evaluated  by  using  the 
same  procedures  that  arc  used  in  the  ease  of 
exposure  to  industrial  noise  (eg,  measure¬ 
ment  of  the  A-wcighted  energy,  measurement 
of  the  equivalent  level,  use  of  carmuffs  or  car- 
plugs  with  or  without  active  noise  reduction 
systems). 

Impulse  noises.  Impulse  noises  art  pro¬ 
duced  by  the  weapons  themselves  and  consist 
generally  of  an  advancing  shock  wave.  The 
pressure-time  history  can  be  simple  in  the  free 
field  or  complex  in  a  reverberant  field  (Fig 
45*1). 

To  evaluate  the  hazard  of  exposure  to  im¬ 
pulse  noises  a  number  of  criteria  have  been 
proposed  (Coles  el  al,  1968,  CHABA,  1968, 
Pfandcr  et  al,  1980;  Smoorenburg  1982;  for 
reviews  see  Dancer  and  Frankc,  1986;  NATO, 
1987).  Most  of  these  criteria  arc  derived  from 
temporary  threshold  shift  (ITS)  measure¬ 
ments  performed  after  exposure  to  the  noise 
produced  by  small  weapons  (rifle  noises)  The 
criteria  for  the  evaluation  of  hazard  arc  based 
on  the  measurement  of  some  of  the  physical 
parameters  of  the  impulse — i  e.,  “duration'’  of 
the  impulse,  number  of  impulses,  and  peak 
pressure.  Figure  45-2  presents  a  comparison  of 
these  various  criteria,  taking  into  account  the 
different  definitions  of  the  “duration”'  of  the 
impulse  (Smoorenburg  1982,  NATO,  1987), 
The  fact  that  these  criteria  arc  very  dose  to 


each  other  docs  not  imply  that  they  arc  com 
prehensive  or  reliable. 

On  behalf  of  the  French  Military,  the 
French  Committee  for  Xeapon  Nobes 
(FCWN)  and  die  "Direction  do  Armements 
Terr  CM  res"  (DAT)  established  another  crite¬ 
rion  that  was  derived  from  the  criterion  used 
for  industrial  noises.  This  new  criterion  corre¬ 
sponds  to  an  A-weighted  equivalent  level  of 
90  dB  ov  er  8  hours  ( DTAT.  1983 )•  It  allows  us 
to  evaluate  in  a  simpler  way  the  hazard  of 
combined  exposures  of  continuous  and  im¬ 
pulse  noises  as  well  as  the  efficiency  (which  is 
frequency-dependent)  of  hearing  protectors 
(Dancer, 'l982). 

Shortcomings  of  the 
Criteria 

All  of  these  criteria  can  be  considered  at 
least  partially  obsolete  and  not  applicable  to 
the  impulses  produced  by  present-da)  weap¬ 
ons.  The  following  section  elaborates  on  this 
statement 

Large-Caliber  Versus 
Small-Caliber  Weapons 

Let  us  consider  two  Fricdlander  waves  of 
the  same  peak  pressure  but  of  different  dura 
tions.  The  longer  one  (large-caliber  weapon) 
contains  as  much  acoustic  energy  as  the 
shorter  one  (small-caliber  weapon )  at  the  me¬ 
dium  and  high  frequencies,  but  more  at  low 
frequencies  (Kryter,  1970a)  lfan>  of  the  cur¬ 
rent  weighting  functions  arc  applied  to  the 
two  impulses,  the  measured  acoustic  cncrg) 
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Figure  45-1  Sooc  definjuocs  of  kspubc  duretxx l  3.  A-durai oa  (f,  -  to)  b.  B-durerion  (t,  -  to)  (t5  - 12 )  (from 
Co!o  ct  al,  196S).  C  C-durauon  (t,  -  to)  +  (t,  - 12)  -f  (t,  - 14)  (from  Pfcndcr  ct  aL  1980).  4  (figuration.  t.„  (  ,  - 
to)  (from  Smoorenborg.  1982)  from  XVTO.  Effects  of  impulse  noise.  Research  Stud)*  Group  on  the  Effects  of  jn- 
puise  Nocse.  AC/243  (P»»d  SRSG.6)  D.9. 1987. 


will  always  be  greater  for  the  longei  shock 
wave,  and  all  existing  criteria  will  predict  a 
greater  hazard  for  exposure  to  the  long-dura¬ 
tion  shock  wave  and  hence  the  larger  w  capon. 
However,  experiments  conducted  on  two  dif¬ 
ferent  animal  species,  the  cat  (Price.  1982) 
and  the  guinea  pig  (Dancer  ct  al,  1985), 
showed  that  this  was  not  the  ease.  V"hen  all 
other  parameters  are  kept  the  same,  the 
longer  the  duration  of  the  impulse,  the  smaller 
the  threshold  shift  (TS). 

To  study  this  problem  in  man,  the  FCWN 
compared  the  TTS  induced  in  soldiers  follow¬ 
ing  exposure  to  20  noise  impulses  of  the  same 
peak  pressure  (about  160  dB  SPL)*  presented 
at  the  same  interval  (30  seconds)  but  having 
either  an  A -duration  of  0  3  ms  (D-duration.  1.4 
ms)  or  8  ms  (rifle  and  howitzer)  Two  groups 
of  12  soldiers  (selected  as  having  hearing 
thresholds  not  larger  than  25  dB  at  any  fre¬ 
quency  from  0  25  to  8  kHz)  were  exposed  in 
the  free  ficld/grazing  incidence)  without  any 
hearing  protection  to  each  of  the  two  classes 
of  impulsive  noise.  In  all  eases,  recovery  of  TS 
was  complete  by  at  most  21  hours  after  the 


‘Accord’ ng  to  the  French  criterion  (DTAT.  198?)  this 
peak  pressure  corresponds  to  the  limit  (critical  loci) 
for  the  exposure  of  unproved  cars  to  the  free  field 
(ever:  for  a  single  round) 


end  of  the  exposure.  Table  45-1  shows  that 
TTS  occurred  more  frequently  and  was  larger 
following  the  exposures  to  the  short  duration 
impulses.  This  result  contradicts  the  predic¬ 
tions  of  all  the  usual  criteria  (Fig.  45-2).  The 
exposure  to  the  longcr-duration  impulses  ex¬ 
ceeds  more  the  limits  of  the  criteria  than  docs 
the  exposure  to  the  short-duration  impulses 
but  produces  less  TTS.  Nonlinear  transmission 
mechanisms  at  the  level  of  the  middle  car  and 
especially  of  the  annular  ligament,  as  proposed 
by  Price  (1990 ),  could  explain  this  phenome¬ 
non. 

If  we  consider  now  the  French  criterion 
(DTAT,  1983),  the  exposure  to  the  short  im¬ 
pulses  corresponds  to  an  LA<XJ*  of  92  dB  (level 
of  a  continuous  A-weighted  signal  applied  dur¬ 
ing  8  hours  and  containing  the  same  total 
acoustic  energy),  whereas  the  exposure  to  the 
long  impulses  is  equivalent  to  an  LAf<t*  of  88 
dB.  In  these  experimental  conditions,  this  cri¬ 
terion  exhibits  a  better  predictive  efficiency 
than  the  others. 

Tw’o  additional  observations  were  also 
made  during  this  sludy.  ( 1 )  In  some  subjects 
the  maximum  TTS  did  not  occur  immediately 
after  the  end  of  the  exposure  but  rather  1  or  2 
hours  later  This  phenomenon  w as  described 
by  Luz  and  Hodge  ( 1971 )  and  Hamcmik  ct  al 
(1988)  and  seems  to  be  specific  to  impulse 
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Figure -15-2  Gxap2ri$oa  of  danupc  risk  crite¬ 
ria  taxing  into  account  the  djflcxem  defections 
of  enpubc  deration.  The  giro  the  to 

darztioa  of  all  jaapubes.  given  by  ibe  nua»- 
ber,  N.  of  fcnpubcs  multiplied  by  the  D-dura- 
tion  of  each  impulse,  A  corresponds  to  the  ex¬ 
posure  to  20  rifle  nxtods;  B  corresponds  to 
the  exposure  to  20  howitzer  rounds  (at  70 
meters  from  the  muzzle).  P&ndcrr  Daenge 
risk  criterion  of  Ptander  ct  al,  198t>;Smoorcn- 
txup  Damage  risk  criterion  of  Snsoorenborg. 
1982;  OIABA  Damage  risk  criterion  of 
C1UBA.  196a  Adapted  from  NATO-  Effect*  of 
impulse  notsc  Research  Studs-  Group  on  the 
Effects  of  Impulse  Nobe.  A02)3  (Rand 
8RSGj6)D9.  1987. 


TABLE  -45-1  Number  of  Subjects  (of  24  TotzJ)  Presenting  a  Maximum 
ITS  Greater  than  10  dB  and  20  dB  in  at  Least  One  Ear 
at  Any  Audiometric  Frequency  (in  Practice,  Between  3 
and  8  kHz) 

SHORT-DURATION  LONG-DURATION 

TTS  IMPULSE  (RIFLE)  IMPULSE  (HOWITZER) 

>I0<J3  10  4 

>  20  <5B  7  2 


From  Cotmd  "Bruits  d'Armes."  Effeis  des  bruits  d'armes  sur  I'audrtkxv  Campagne 
audkxrtfuique  de  Bourses  (18-22  Scpttrrixt  1989)  ISL  R^poa  $R-905tf0.  1990. 


noise  exposures.  This  growth  of  TS  represents 
a  real  problem  for  criteria  that  arc  based  on 
the  measurement  of  TTS  immediately  after  the 
end  of  an  impulse  noise  (typically  TTS2m^), 
and  (2)  A  significant  improvement  in  the  audi¬ 
tory  threshold  is  obsened  in  some  eases  at 
the  same  time  that  the  first  smallest  TT>  ap¬ 
pear. 

Daily  Exposures 

The  criteria  previously  described  were  es¬ 
tablished  for  daily  exposures  There  is  some 
evidence  (Comitc  “Bruits  d’Avmcs,"  1990) 
that  daily  exposure  could  induce  larger  TS 
than  anticipated. 

Spacing  Between 
the  Impulses 

The  criteria  previously  described  do  not 
take  into  account  the  spacing  between  the  im¬ 
pulses,  i  c„  the  inter-impulse  interval.  There  is 
no  special  evaluation  procedure  for  distin¬ 


guishing  between  single-shot  exposures  and 
multiple  rounds. 

Table  *f5*2  summarizes  the  results  of  a 
study  conducted  by  Reid  ( 19^6)  on  subjects 
exposed  to  machine  gun  noises  (28  rounds) 
In  some  instances  (two  subjects  out  of  four) 
the  differences  in  TS  arc  very  large  between 
rounds  fired  at  intervals  of  from  10  to  20  sec¬ 
onds  and  rounds  fired  rapidly  (500  per 
minute).  We  found  similar  results  in  a  subject 
who  was  exposed  first  to  25  rifle  impulses  at 
intervals  of  5  seconds  and  3  days  later  (after 
complete  TS  recovery-)  to  the  same  25  im 
pulses  presented  in  1 7  second  (see  also 
Kry  ter,  1970b).  These  differences  in  TS  result¬ 
ing  from  different  impulse  presentation  rates 
arc  probably  due  to  the  protective  effect  of 
the  acoustic  reflex  of  the  middle  car  or  to 
some  “intracochlcar  acoustic  reflex"  partially 
mediated  by  the  efferent  innervation  of  the 
cochlea  (Brundlin  ct  al,  1989,  Vassout  et  al, 
1990) 

In  fact  all  these  criteria  (established  for 
unprotected  cars)  are  not  very  useful  in  prac¬ 
tice.  Even  the  noises  produced  by  the  small- 
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TABLE  -45-2  Comparison  of  the  TS  (dB)  Measured  After  Exposure  to 
the  Same  Number  of  Rounds  Either  with  a  Spacing  of  10 
to  30  seconds  (Single)  or  Fired  Rapidly  (500  to  900  per 
Minute  Automatic)  According  to  Reid  (1946)  (Average  TS 
for  Two  Subjects)  and  to  the  FCWN  (1988)  (TS  for  One 
Subjecs)* 


THRESHOLD  SHIFT  (DB) 


AUDIOMETRIC 

FREQUENCY 


Reid  (1946)  FCWN  (1983) 

Single  Automatic  Single  Auto  made 


0.5  kHz 

5 

0 

0 

0 

| 

10 

0 

5 

0 

2 

40 

0 

15 

0 

4 

64 

5 

40 

0 

6 

57 

10 

35 

0 

8 

50 

0 

30 

0 

E.A.R.  <■»  ULTRAFIT  ®  JRENUM  ®  GUNFENDER 


O  ^  2 

Figure  45*3  Earplugs  used  in  this  study 


caliber  weapons  (rifle)  arc  too  hazardous  (es¬ 
pecially  in  reverberant  areas)  for  the  soldiers 
who  are  using  them  and  can  Induce  perma¬ 
nent  threshold  shift  (PTS)  in  the  ease  of  re¬ 
peated  exposures  on  unprotected  cars.  Thcrc- 
forc  it  is  imperative  to  establish  criteria  that 
take  into  account  the  use  and  the  actual  effi¬ 
ciency  of  hearing  protection  devices. 

Hearing  Protection 
Devices 

In  the  present  criteria  there  arc  no  provi 
sions  for  evaluating  the  risk  of  hearing  loss 
from  impulse  noise  exposure  when  hearing 
protection  devices  are  being  employed  Non¬ 
linear  conductive  phenomena,  which  occur  at 
very  high  stimulation  levels  and  affect  the 
properties  of  hearing  protectors  themselves  as 


well  as  influence  the  transmission  of  the  acous¬ 
tic  energy  by  the  middle  car  and  its  dissipation 
inside  the  inner  car,  complicate  this  area. 

Generally  speaking  the  protective  effect 
of  earplugs  and  earmuffs,  when  correctly  used 
and  well  fitted,  is  underestimated  (NATO, 
1987),  and  soldiers  are  \cry  often  obliged  to 
wear  cumbersome  and  uncomfortable  hearing 
protectors  that  isolate  them  from  their  com¬ 
rades  and  from  the  acoustic  environment, 
with  potentially  dangerous  consequences 

The  FCWN  decided  to  test  the  efficiency 
of  minimal  and  simple  hearing  protectors  that 
arc  able  to  protect  the  car  against  PTS  while 
allowing  good  speech  intclligihilty  and  good 
sound  localization  (Fig  45-3)  The  following 
protective  devices  were  used  BAR  foam  ear¬ 
plug,  an  EAR  earplug  prototype  (similar  to  the 
Ultrafit),  JRENUM  (filter  LD03)  molded  ear¬ 
plugs;  and  the  GUNFENDER  earplug. 

Groups  of  10  to  12  soldiers  were  ex- 
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posed,  in  ihe  crew  position,  to  the  impulses 
produced  by  a  155-mm  howitzer.  All  the  ex¬ 
posure  conditions  were  tested  by  the  mem¬ 
bers  of  the  FC\VN  equipped  with  the  same 
hearing  protection  devices  prior  to  the  expo¬ 
sure  of  the  different  groups  of  soldiers. 

The  peak  pressure  of  the  impulses  was 
about  175  dB  SPL*  and  the  A-duration  was 
equal  to  7  ms.  For  a  single  exposure,  the 
A-wcighted  acoustic  energy  corresponded  to 
an  equivalent  8-hour  level  of  95  dB.  The  num¬ 
ber  of  rounds  was  either  10  or  20,  fired  at  30* 
second  intervals.  All  soldiers  were  equipped 
for  each  exposure  with  the  different  earplugs 
mentioned  above.  These  earplugs  w-crc  deeply 
inserted  and  fitted  by  an  experienced  individ¬ 
ual. 

The  attenuation  afforded  by  the  various 
hearing  protection  devices  (measured  by  clas¬ 
sic  methods  using  threshold  measurements) 
differs  considerably  (Fig.  45-4)  The  best  at¬ 
tenuation  is  provided  by  the  EAR  foam  ear¬ 
plug.  and  the  worst  by  the  GUNFENDER 

For  these  earplugs  the  Speech  Transmis¬ 
sion  Index  was  roughly  evaluated  using  the 
RApid  Speech  Transmission  Index  method 
(RASTI)  (Brucl  &  Kjaer  4225  and  4419)  by 
the  “Groupemcnt  Ergonomic"  of  the  "Section 
Technique  de  l’Armcc  dc  Terre"  (STAT),  The 
results  of  this  evaluation  are  shown  in  Tabic 
45*3. 

These  results  show  that  the  STI  of  the 
GUNFENDER  is  equivalent  to  that  of  an  unpro¬ 
tected  car.  The  EAR  prototype  with  an  STI  of 
approximately  0.7  and  the  molded  earplug 
JRENUA1  (LD03)  with  an  STI  of  0  69  are  satis¬ 
factory.  The  EAR  foam  earplug  has  a  relatively 
poor  STI 

Audiomctric  thresholds  were  measured  as 
described  earlier,  with  the  help  of  a  Bekesy 
audiometer  (continuous  frequency'  sweep 
from  0.125  to  8  kHz)  before  and  after  (either 
10,  20,  or  40  minutes)  the  impulse  noise  ex¬ 
posures.  The  TTS  measured  with  the  EAR 
foam  earplugs  correspond  to  the  results  ob¬ 
tained  from  24  soldiers  exposed  to  20  rounds; 
those  measured  with  the  EAR  prototypes  cor¬ 
respond  to  the  results  obtained  from  four  sol¬ 
diers  exposed  to  20  rounds  and  from  2  sol¬ 
diers  exposed  to  10  rounds;  those  measured 
with  the  molded  earplugs  (JRENUM  UD03) 
correspond  to  the  results  obtained  from  eight 
soldiers  exposed  to  10  rounds,  and  those  mea¬ 
sured  with  the  GUNFENDER  earplugs  corre¬ 
spond  to  the  results  obtained  from  1 1  soldiers 
exposed  to  10  rounds  (Comitc  “Bruits 
d’Armes"  1990) 

In  all  cases  the  earplugs  were  efficient  and 
no  significant  TTS  (greater  than  10  dB)  was 


TABLE  45-3  Speech  Transmission  Index 
(STI)  Evaluated  Using  the 

RASTI  Method  for  the 
Unprotected  Ear  and  for 
Different  Earplugs  (1985) 

EAR  PROTECTION 

GLOBAL  STI 

Unprotected 

078 

EAR  foam  earplug 

028 

EAR  prototype 

07  (approximate) 

Molded  earplug  JRENUM 

069 

(LD03) 

GUNFENDER 

076 

From  Comit6  ‘Bruits  d'Armej."  Effcts  des  bruits  d’armes 
sur  I'iuditxxv  Campagne  audiom6tnque  de  Bourget 
(18-22  Septembre  1989).  1SL  Report  SR-90S/90. 1990 


found  at  any  frequency'  in  any  subject.  This 
was  a  surprising  result,  especially  considering 
(he  poor  attenuation  of  some  of  the  earplugs 
when  measured  by  using  real  ear  at  th,<.shoId 
(REAT)  test  data  (Fig  45-4)  Nonlinear  phe* 

«  omena  such  as  the  transition  from  laminar  to 
turbulent  flow  through  the  small  openings  of 
the  EAR  prototype,  molded  earplug  JRENUM 
LD03,  and  GUNFENDER  arc  probably  partially 
responsible  for  these  results.  The  actual  atten¬ 
uation  properties  for  a  Friedlandcr  wave  of 
175  dB  peak  pressure  arc  probably  greater 
than  those  presented  in  Figure  45-4  (Forrest 
and  Coles,  1970,  Forrest,  1971;  Farm cn tier, 
1988).  Nevertheless  the  attenuation  achieved 
at  very  high  peak  pressure  levels  is  probably 
not  large  enough  to  explain  the  hearing  pro¬ 
tective  efficiency  of  the  earplugs  that  were 
measured  in  our  study.  This  is  especially  true 
if  we  take  only  into  account,  according  to  the 
classic  criteria,  the  peak  pressure  attenuation 
measured  under  a  hearing  protector  (Ylikoski 
cl  al,  1987,  Price  ct  al,  1990)  Other  nonlinear 
mechanisms  occurring  at  the  level  of  the  mid¬ 
dle  or  the  inner  car  could  also  play  an  impor¬ 
tant  role  (Price,  1990) 

Based  on  these  results,  it  is  difficult  to  as¬ 
sess  the  efficiency  of  hearing  protectors  (ear¬ 
plugs,  earmuffs,  or  both)  for  actual  weapon 
noises  by  only  measunng  their  attenuation  as 
a  function  of  frequency'  with  the  help  of  REAT 
methods.  Measurements  performed  on  head 
and  car  simulators  at  very  high  levels  could 
provide  useful  information  about  nonlinear  at¬ 
tenuation  phenomena  and  provide  a  better  un¬ 
derstanding  of  the  actual  performance  charac¬ 
teristics  of  earplugs  and  earmuffs  Moreover, 
carefully  conducted  studies  on  human  sub¬ 
jects,  such  as  those  performed  in  our  experi¬ 
ments,  arc  necessary  to  determine  the  most 


518 


CONCLUSIONS 


0,1  I  10 


•O'  GARprotoVpO 
EAR  foam, 
partial  Insertion 
•a-  EAR  foam* 

standard  Insertion 
•X*  amNOER 
-or  JRENUM ID03 

Figure  45-i  Attenuation  prodded  by  diftcrcnt  earplugs.  Tbc  results  corresponding  to  the  EAR  earplugs  arc  from 
Derger,  1989,  and  those  of  the  0 UNFENDER  and  the  JRENUM  LDOJ  arc  from  the  Comitt  'Bruits  d'Armes  “  1990 


convenient  hearing  protection  devices,  to 
avoid  overp rotes  on  when  unnecessary,  and 
to  preserve  speech  communication  and  sound 
localization  (Mosko  .and  Fletcher,  1971). 

We  have  shown  here  that  it  is  possible  to 
protect  the  ear  from  high-level  impulses  pro¬ 
duced  by  large  weapons,  through  the  use  of 
simple  devices  that  still  allow  good  communi- 
catior.  between  individuals  wearing  hearing 
protectors. 

Conclusion 

We  would  like  to  stress  that  as  a  result  of 
studies  performed  in  several  countries,  it  is 
possible  to  protect  the  ear  from  the  noise  of 
various  weapons  (up  to  the  threshold  of  the 
nonauditory  injuries)  by  using  weil  fitted  sin¬ 
gle  or  double  hearing  protection  but  at  the 
cost  of  isolating  the  subject  from  his  acoustic 
environment. 


The  challenge  for  the  future,  in  the  ease 
of  exposure  to  impulse  (weapon)  noise,  is  to 
develop  a  light,  simple,  nonexpensive  and 
comfortable  device  (earplugs  for  example) 
that  will  protect  the  ear  against  TS  even  in  the 
ease  of  severe  impulse  noise  exposures  and 
that  will  also  allow  the  soldier  to  communi¬ 
cate  and  be  aware  of  his  acoustic  environ¬ 
ment. 

Practical  solutions  to  this  problem  seem 
to  be  within  reach  with  the  use  of  nonlinear 
devices  derived  from  some  molded  earplugs 
or  from  the  GUNFENDER  or  the  EAR  proto¬ 
type  earplugs,  provided  that  these  devices  are 
well  fitted  and  correctly  worn 

The  French  Committee  on  Weapon 
Noises  in  cooperation  with  other  research 
teams  in  Europe  and  m  the  United  States  will 
continue  to  work  toward  the  development  of 
an  earplug  that  can  be  used  in  all  impulse 
noise  exposure  conditions  and  will  preserve 
the  ability  to  communicate  and  to  localize 
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acoustic  sources  in  an  operational  environ-  la  communication  parlee  cl  la  localisation  ties 
mcnt.  sources  sonores. 


Etat  Actuel  et 
Insuffisances  des  Criteres 
d’Exposition  aux  Bruits 
d’Armes 

“La  question  de  savoir  quels  sont  les 
bruits  d’armes  dangereux  pour  l’audition  est 
1’objet  dc  recherches  dans  un  grand  nombre 
de  pays.  Les  etudes  visent  tout  d'abord  A  de¬ 
terminer  une  mlthodc  de  mesure  satisfaisante 
des  caractcristiques  physiques  des  bruits  et 
cvaluer  les  risques  reprisentes  par  ccs  bruits  " 
Cette  constatation  faltc  par  des  scientifiques 
Anglais  ct  Americains  (Coles  et  a! ,  1968)  est 
toujours  d’actualite. 

La  plupart  dcs  criteres  d’exposition  aux 
bruits  d’armes  en  service  dans  les  different^ 
armies  dc  l’OTAN  sont  bases  sur  la  mesure  de 
la  pression  Crete,  dc  la  dur6c  ct  du  nombre 
des  bruits.  Dans  1‘armee  Tran^aisc,  un  critcrc 
base  sur  la  mesure  dc  1’encrgic  acoustiquc 
pondcrec  A  ct  le  principc  d'isoenergie  a  6tc 
mis  cn  place  (DTAT  1983).  Ce  critere  permet 
d'evaluer  les  effets  Itsionncls  rclatifs  des 
armes  lourdes  ct  des  armes  legercs  aussi  bicn 
que  ceux  dcs  expositions  combinees  (bruits 
continus  ct  bruits  impulsionncls).  II  permet 
Igalcmcnt  dc  mieux  estimer  la  protection 
acoustiquc  apporttfc  par  les  serre  tele  ct  les 
bouchons  d’orcillcs  en  prenant  cn  compte 
leurs  caractcristiques  d’attenuation  en  fonc- 
lion  de  la  frequence. 

Ncanmoins  tous  les  crittres  exlstants  pr£- 
sentent  de  noinbrcuses  imperfections,  Les 
probl&mes  116$  au  rythme  dc  repetition  des 
bnilts,  aux  expositions  quotldicnncs,  aux  ef¬ 
fets  des  ondes  de  longue  dur6c,  au  niveau  cri¬ 
tique,  &  la  protection  effective  apportee  par  les 
serre- tele  ou  les  bouchons  d’oretllcs  aux 
niveaux  correspondant  h  ceux  des  bruits 
d’armes  ,  .  .  ne  sont  pas  resolus 

Des  observations  reahsecs  en  France  sur 
des  soldats  effectuant  des  tirs  d’entrainement 
montrent  que  les  criteres  classiqucs  surest!- 
ment  reflet  lesionnel  des  armes  lourdes  Ces 
observations  ont  egalement  permts  de 
mesurer  la  protection  apportee  par  divers 
bouchons  d’oreillcs  au  cours  de  1’exposition  i 
des  bruits  d’armes  lourdes  ct  laissent  esperer 
la  mise  au  point  d’un  bouchon  d'oreille  capa¬ 
ble  de  protegcr  1’audition  tout  cn  preservant 
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CHAPTER  46 


Occupational  Noise  Standards: 
Status  and  Critical  Issues 

W1LUAM  MELNICK 


Only  the  status  ot'  tlie  occupational  noise 
standards  and  hearing  conservation  programs 
of  the  United  States  arc  considered  here. 
There  is  not  an  attempt  to  exhaustively  cover 
the  subject  of  noise  standards.  It  would  be 
presumptuous  to  be  critical  of  the  standards 
and  practices  of  oilier  nations.  However,  it  is 
likely  that  some  of  the  conditions  applicable 
to  the  occupational  noise  programs  In  the 
United  States  will  be  found  In  other  Industrial 
countries  of  the  world  and  subject  to  the  same 
concerns. 

In  the  United  States,  Congress  enacts  the 
laws  of  the  country.  The  Executive  Ilranch  of 
the  government  administers  these  laws.  Tills 
administration  frequently  requires  the  issuing 
of  regulations.  Agencies  of  the  Federal  Admin¬ 
istration,  such  as  the  Occupational  Safety  and 
Health  Administration  (OSHA)  of  the  Depart¬ 
ment  of  labor  (DoL),  promulgate  and  enforce 
regulations.  Although  government  agencies 
may  originate  standards  for  regulations  imple¬ 
mentation,  they  often  make  use  of  consensus 
(lOluntary)  standards  in  this  formulation.  In 
this  context,  a  standard  is  a  codified  set  of 
roles  or  a  set  of  procedural  guidelines.  Hie 
term  “standard"  is  frequently  used  synony¬ 
mously  with  the  term  “regulation"  (Suter. 
1988). 

Because  the  effects  of  noise  are  such  a 
pervasive  problem,  there  are  noise-related 
programs  in  many  federal  agencies  of  the 
United  States  Some  agencies  such  as  the  Na¬ 
tional  Institute  of  Occupational  Safety  and 
Health  (NIOSH)  are  mainly  concerned  with 
research.  Agencies  such  as  the  Environmental 
Protection  Agency  (EPA)  are  involved  in  both 
research  and  regulation.  Other  agencies  such 
as  OSHA  are  mainly  regulatory. 

The  OSHA  estimates  that  slightly  more 
than  I  million  Americans  have  a  “material 


hearing  impairment"  resulting  from  exposure 
to  noise  in  manufacturing  Industries.  More 
than  9  million  employees  are  exposed  to  haz¬ 
ardous  levels  of  noise  in  their  occupational  en¬ 
vironments  Approximately  5  million  manufac¬ 
turing  workers  are  exposed  to  daily  avciagc 
noise  levels  of  85  dBA;  more  than  2  million 
experience  exposures  between  85  and  90 
dBA;  about  1.5  million  arc  exposed  to  levels 
between  90  and  95  dBA;  over  800,000  cnduic 
levels  from  95  to  100  dBA;  and  atom  -125,000 
are  exposed  to  occupational  noise  levels  ex¬ 
ceeding  100  dB  (Suter.  1989)  Table  -16-1  pro¬ 
vides  a  perspective  on  the  magnitude  of  the 
problem  of  noise  exposure  for  specific  occu¬ 
pational  categories  as  estimated  by  the  EPA  In 
1981. 

During  the  decade  of  the  1970s,  the  EPA 
and  OSHA  made  progress  in  reducing  or  limit¬ 
ing  noise  exposure  In  the  workplace  as  well  as 
in  the  general  environment.  In  1969,  the  DoL 
began  to  regulate  occupational  noise  exposure 
for  employers  who  held  federal  contracts,  in 
1971,  the  regulatory  standard  was  expanded 
to  cover  practically  all  employers  in  the 
United  States.  Enforcement  of  these  noise  stan¬ 
dards  was  hesitant  at  first  but  was  conducted 
with  increasing  rigor  with  changes  in  presi¬ 
dential  administrations.  As  part  of  this  regula¬ 
tory  fervor,  Congress  passed  the  Noise  Con¬ 
trol  Act  of  1972,  which  gave  the  EPA  powers 
to  regulate  major  sources  of  environmental 
noise  with  a  strict  scheuule  for  accomplishing 
its  assigned  task  (Noise  Control  Act,  1972) 
The  act  instructed  other  federal  agencies  to 
minimize  the  harmful  effects  of  noise  and  gave 
the  EPA  the  responsibility  for  coordinating  all 
federal  noise  activities  (Suter,  1989). 

This  is  the  background  of  condiiions  that 
existed  when  the  current  occupational  noise 
standards  in  the  United  States  were  initiated 
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TABLE  46-1  Summary  of  U.S.  Population  Exposed  to  Daily  Average  Noise 
Levels  of  85  dBA  and  Above 


EMPLOYMENT  AREA 

TOTAL 

EMPLOYED 

NUMBER  EXPOSED  TO 

85  dBA  AND  ABOVE 

Agriculture 

3.600.000 

323.000 

Mining 

9S7.000 

400.000 

Construction 

4,644.000 

513.000 

Manufacturing  and  Utilities 

21.781.000 

5.124,000 

Transportation 

4.345.000 

1,934.000 

Military 

3.019.000 

976.000 

Touts 

33,3.6,000 

9.170.000 

From  Environmental  Protect**)  Agency.  Office  of  Noise  Abatement  and  Control.  Noise  in  America.  The  extent  of  the 
noise  problem,  (ERA  Report  No.  5S0/9-8W9I),  Washington.  DC;  EPA,  1981. 


Tlie  details  of  these  regulations,  the  extent  of 
their  coverage,  and  their  current  status  arc 
considered  in  the  following  section. 

U.S.  Occupational  Noise 
Standards 

The  fundamental  responsibility  of  the 
United  States  Department  of  Labor  (Dol.)  is  to 
promote  the  welfare  of  working  people.  One 
of  the  major  objectives  of  DoL  regulations  is 
to  protect  people  at  work.  Prior  to  1936, 
there  were  no  occupational  safety  and  health 
regulations  enforceable  by  the  federal  govern¬ 
ment,  In  that  year,  Congress  passed  the  Walsh- 
Healey  Public  Contracts  Act.  Under  this  act, 
the  Secretary  of  Labor  was  given  the  ability  to 
set  safety  and  health  standards  enforceable  on 
employers  who  contracted  with  the  United 
States  government  In  excess  of  $10,000  per 
year.  Failure  to  comply  with  these  standards 
could  lead  to  termination  of  the  contract. 

The  DoL  first  attempted  to  regulate  work¬ 
place  noise  in  I960  when  the  Secretary  of  La¬ 
bor  decided  to  set  minimum  Icvek  of  noise 
exposure  that  could  sen  e  as  criteria  for  com¬ 
pliance  with  the  Walsh-IIealey  Public  Con¬ 
tracts  Act  (harry,  1989).  The  noise  provisions 
were  added  to  the  Walsh-IIealey  Act  in  1969 
(US,  DoL,  1969). 

Shortly  after  the  Walsh-IIealey  Notse  Stan¬ 
dard  took  elfect,  Congress  passed  Public  Law 
91-596,  the  Occupational  Safety  and  Health 
Act  of  1970  (OSH  Act).  The  Secretary  of  Labor 
was  directed  to  adopt  as  occupational  safety 
and  health  standards  any  existing  national  con 
sensus  standards  or  established  federal  stan¬ 
dards  as  OSHA  standards.  As  a  consequence, 
the  Walsh-IIealey  Noise  Standard  was  adopted 
as  the  OSHA  General  Industry  Noise  Standard 
(29  CFR  191095),  together  with  the  Con¬ 
struction  Noise  Standard  (29  CFR  1926.52). 
With  passage  of  the  OSH  Act,  the  only  change 


in  the  noise  standard  was  its  coverage.  This 
standard  now  covers  all  general  industry,  con¬ 
struction,  and  maritime  employees  in  the 
United  States.  Another  Dol.  agency,  the  Mine 
Safety  and  Health  Administration  (MSHA),  also 
applied  the  former  Walsh-Hcalcy  Noise  Stan¬ 
dard  to  mining  operations.  Only  agricultural 
workers  were  left  exempt  from  the  occupa¬ 
tional  noise  standards  (29  CFR  192821). 

AH  the  noise  limits  found  in  current  occu¬ 
pational  noise  standards  derive  from  those 
proposed  by  the  American  Conference  of  In¬ 
dustrial  Hygienists  (ACIH)  in  1968,  which 
were  adopted  under  the  Walsh-Hcalcy  Act  in 
1969.  The  standard  requires  employers  to 
limit  workers*  exposures  to  dally  average 
noise  levels  of  90  dBA  for  8-hour  exposures 
For  durations  shorter  than  8  hours,  the  noise 
level  can  be  increased  by  5  dB  for  every  halv¬ 
ing  of  the  exposure  duration  as  shown  in  the 
(familiar)  Table  46-2.  The  relationship  be¬ 
tween  allowable  level  and  duration  is  known 
as  the  exchange  rate.  Other  exchange  rates 
have  been  and  arc  being  used  (3  dB,  4  dB, 
variable  rates).  The  simplicity  of  the  constant 
exchange  rate  was  appealing  to  the  ACIH.  Os¬ 
tensibly  the  5  dB  rate  was  selected  over  3  dB 
to  allow  for  the  effect  of  intermittency  during 
a  typical  work  day  on  hearing. 

The  time-intensity  exchange  relationship 
had  an  upper  limit  of  1 15  dBA  for  15  minutes 
Levels  exceeding  115  dB  required  conserva¬ 
tion  practices  regardless  of  duration.  Impul¬ 
sive  noises  were  considered  only  generally 
Impulsive  noises  were  not  to  exceed  140  dB 
peak  sound  pressure  level.  If  the  specified 
time-weighted  average  (TWA)  of  90  dB  for  8 
hours  or  the  115  dB  ceiling  value  were  ex¬ 
ceeded,  or  if  impulses  of  greater  than  140  dB 
peak  were  experienced,  then  the  computed 
noise  dose  would  exceed  unity. 

Two  other  provisions  in  the  OSHA  stan¬ 
dard  adopted  from  the  earlier  Walsh-Healey 
Standard  should  be  mentioned  (Suter,  1988) 
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TABLE  46-2  Permissible  Noise  Exposures 

DURATION  PER  DAY 

SOUND  LEVEL  (dBA 

(HOURS) 

SLOW  RESPONSE) 

8 

90 

6 

92 

A 

95 

3 

97 

2 

100 

1  Vi 

102 

1 

105 

’A 

HO 

V*  or  less 

IIS 

That  standard,  when  considering  Impulse 
noise,  stated  dial  Impulse  noise  should  not  ex¬ 
ceed  a  peak  sound  pressure  level  of  1  -10  dll. 
Because  the  standard  used  the  word  "should" 
Instead  of  “shall,"  the  provision  regarding  Im¬ 
pulsive  noise  has  been  considered  advisor)’, 
and  has  not  been  enforceable. 

The  other  provision  of  interest  is  the  sec¬ 
tion  that  called  for  “a  continuing,  effective 
hearing  conservation  program"  whenever  the 
noise  limits  were  exceeded.  Enforcement  of 
this  provision  was  difficult  because  of  the  lack 
of  specifications  for  what  constituted  such  a 
program.  Even  though  the  Dot  Issued  guide¬ 
lines  for  this  purpose,  this  guidance  did  not 
have  the  official  (enforceable)  status  of  a  regu¬ 
lation. 

OSHA  Hearing 
Conservation  Amendment 

The  Jack  of  specifications  for  an  effective 
hearing  conservation  program  motivated  an 
amendment  process  that  culminated  in  the 
Hearing  Conservation  Amendment  (DOL, 
1983).  This  amendment  requires  that  hearing 
conservation  programs  be  available  to  all  cm 
p Joyces  whose  8-hour  TWAs  were  85  dBA  or 
greater.  Employers  must  monitor  noise  envi¬ 
ronments  suspected  of  exceeding  these  levels 
at  least  once  and  remonitor  the  environment 
with  changes  of  equipment  or  work  processes 
that  might  cause  a  significant  increase  in  expo 
sure  level  All  continuous,  intermittent,  and 
impulsive  noises  hctv*en  80  and  130  dBA 
must  be  included  in  th>:  exposure  assessment. 
Area  monitoring  is  permitted  but  employers 
must  use  personal  exposure  monitoring  (do¬ 
simeters)  whenever  there  is  considerable  vari¬ 
ation  of  noise  level  over  time. 

The  amendment  requires  employers  to 
provide  baseline  audiograms  within  the  first 
year  of  an  employee’s  exposure  to  noise  cnvi- 


TABIE  -46-3  Occupational  Noise: 

Regulatory  Agencies 

OCCUPATIONAL  AREA  AGENCY 


Manufacturing 

OSHA 

Utilities 

OSHA 

Construction 

OSHA 

Mining 

MSHA 

Transportation 

DoT 

Petroleum 

OSHA 

Military 

DoD 

OSHA,  Occupational  Safety  and  Health  Administration. 

MS  HA.  Mine  Safety  and  Health  Administration;  DoT, 
Department  of  Transportation:  OoD,  Department  of 
Defense. 

ronments  of  85  dBA  and  above  and  annual  au¬ 
diograms  thereafter.  The  tests  must  be  con¬ 
ducted  by  trained  and  competent  personnel, 
and  the  testing  program  must  be  supervised 
by  a  physician  or  an  audiologist.  Tests  must  be 
conducted  in  environments  that  meet  or  ex¬ 
ceed  specifications  for  ambient  background 
noise.  Audiometers  must  meet  appropriate 
American  National  Standards  Institute  (ANSI) 
standard  specifications  and  be  calibrated  ac¬ 
cording  to  prescribed  schedules. 

Workers  identified  as  showing  significant 
(standard)  shifts  in  threshold  hearing  levels 
must  be  notified  in  writing  and  counseled  re¬ 
garding  fitting  and  use  of  hearing  protection 
and  referred  to  a  specialist  If  necessary.  A  sig¬ 
nificant  threshold  shift  Is  defined  as  a  shift 
from  baseline  of  10  dB  or  more  for  the  aver¬ 
age  of  the  threshold  levels  measured  at  2,000, 
3,000,  and  4,000  Hz. 

Hearing  protection  must  be  worn  by  all 
workers  exposed  to  a  TWA  of  90  dBA  and 
above.  Employers  must  offer  hearing  protec¬ 
tion  to  workers  exposed  to  levels  above  85 
dBA.  The  amendment  recommends  using  the 
noise  reduction  rating  (NRR)  as  an  indication 
of  expected  performance  of  hearing  protec¬ 
tors. 

Training  and  education  sessions  must  be 
given  annually  to  workers  exposed  to  85  dBA 
or  more.  Employers  arc  required  to  keep 
records  of  noise  measurements,  audiograms, 
audiometer  calibration,  and  background  noise 
level  measures  for  the  auuiometric  test  rooms. 

Other  Noise  Standards 

Although  the  noise  standards  covering  oc¬ 
cupations  in  the  United  States  are  modeled  af¬ 
ter  those  of  OSHA,  not  all  aspects  of  the  noise 
standard  have  been  adopted  Table  46-3  gives 
an  indication  of  the  regulatory  agency  respon- 
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sible  for  the  noise  standards  applicable  to  par¬ 
ticular  occupational  categories.  The  regula¬ 
tions  covering  these  occupations  are  not  the 
same.  The  manufacturing  and  utility  industries 
are  covered  by  both  the  permissible  noise  sec¬ 
tion  and  the  hearing  conservation  amendment 
of  the  DoL  noise  standard  (29  CFR  191095), 
The  construction  industry  adopted  the  noise 
limits  of  the  OSHA  noise  standard  (29  CFR 
1926.52)  but  not  the  hearing  consci  ration 
amendment.  Construction  adheres  to  the  gen¬ 
eral  statement  about  continuing  effective  hear¬ 
ing  conservation  programs  that  appeared  in 
the  Walsh-Healcy  standard.  In  addition,  the 
construction  regulation  specifics  that  car  pro¬ 
tective  devices  shall  be  provided  and  used, 
and  further  that  these  devices  be  fitted  by 
competent  persons. 

The  petroleum  industry  Is  covered  by  the 
provisions  of  the  OSHA  standard  relating  to 
permissible  noise  levels,  Tills  Industry*  applied 
for  and  was  granted,  by  the  federal  administra¬ 
tion,  exemption  from  the  provisions  of  the 
hearing  conservation  amendment. 

Tlie  mining  Industry  is  regulated  by  the 
Mine  Safety  and  Health  Administration 
(MSHA),  Noise  standards  covering  the  mining 
industry  arc  promulgated  by  the  MSHA,  The 
regulations  differ  depending  on  whether  the 
mining  activity  is  surface  or  underground  and 
whether  the  material  mined  Is  coal  or  another 
material.  Each  mining  operation  has  adopted 
the  permissible  noise  level  provisions  of 
Walsh-Healcy.  but  none  have  embraced  the 
Hearing  Conservation  Amendment  Under¬ 
ground  metal  and  nonmctal  mines  (30  CFR 
57),  as  well  as  surface  operations  In  these 
types  of  mines  (30  CFR  56),  specify  use  of  fea¬ 
sible  administrative  controls,  engineering  con¬ 
trols,  or  both  to  meet  the  noise  limits.  When 
these  methods  fall  to  reduce  the  noise  to  per¬ 
missible  limits,  personal  protection  is  to  be 
used, 

Tlie  coal  mining  industry',  both  surface 
(30  CFR  71)  and  underground  mining  opera¬ 
tions  (30  CFR  70),  have  similar  regulationsw 
The  noise  limits  are  those  of  Walsh-Healcy.  In 
addition,  relatively  detailed  provisions  cover 
measures  of  the  noise  environment  including 
equipment,  procedures,  and  personnel  W  hen 
noise  limits  are  exceeded,  the  mine  operator 
is  required  to  institute  administrative  and  en¬ 
gineering  controls.  Such  controls  may  include 
hearing  protection  devices.  When  a  notice  of 
violation  has  been  issued,  a  plan  for  effective 
hearing  conservation  is  to  be  submitted  to  the 
MSHA,  These  plans  should  include  methods 
for  reducing  noise  levels,  personal  ear  protec¬ 
tion  devices,  and  audiometry;  with  provisions 


for  pre-employment  as  well  as  periodic  moni¬ 
toring. 

The  Department  of  Defense  (DoD)  issued 
an  instruction  regarding  hearing  conservation 
programs  that  encompasses  all  DoD  military 
and  civilian  personnel  (DoD,  1987).  Only  per¬ 
sonnel  considered  deaf  are  excluded.  The 
DoD  Instruction  incorporates  the-OSHA  noise 
limits  with  a  major  difference.  The  time-inten¬ 
sity  exchange  is  specified  as  4  dl3  per  doubling 
rather  than  5  dB.  Hearing  coaservation  pro¬ 
grams  arc  to  be  implemented  when  the  TWA 
for  8  hours  is  85  dB.  The  instruction  includes 
guidance  In  noise  measurement  and  permits 
both  area  assessment  and  evaluation  by  dosim¬ 
etry.  Tlie  limit  for  impulsive  noise  is  the  same 
as  that  for  the  OSHA,  1-fO  dB  peak  level. 

Tlie  focus  for  the  DoD  noise  standard  Is 
on  engineering  controls.  Hearing  protection  Is 
considered  an  interim  strategy  while  engineer¬ 
ing  controls  are  being  explored.  When  noise 
sources  arc  operating,  personnel  arc  required 
to  wear  hearing  protection.  Tills  Includes  per¬ 
sonnel  exposed  to  gun  and  artillery  fire  under 
test  or  training  conditions. 

The  instructions  Include  programs  of  au- 
dlomctric  testing  that  involve  pre-placement, 
annual,  and  termination  hearing  tests.  Standard 
Specifications  for  audiometric  test  equipment 
arc  those  specified  In  $3.6*1969  (ANSI,  1969). 
Tlie  background  noise  levels  are  more  strin¬ 
gent  than  those  in  the  OSHA  standard,  requir¬ 
ing  limits  specified  in  S3.M977  (ANSI,  1977) 

The  DoD  permits  development  of  mini¬ 
mum  preselection  hearing  level  criteria  for 
particular  occupational  specialties.  Tlie  crite¬ 
ria  arc  permitted  to  permanently  exclude  per¬ 
sonnel  with  substantial  hearing  loss  from 
working  in  hazardous  noise  environments  pro¬ 
vided  they  arc  used  judiciously  to  ensure  that 
qualified,  trained  personnel  are  not  indiscrimi¬ 
nately  excluded  from  their  careers 

Records  for  personnel  are  required  to  be 
kept  for  the  period  of  employment  plus  30 
years.  Tlie  DoD  further  requires  the  mainte¬ 
nance  of  a  hearing  conservation  data  base  for 
assessing  the  effectiveness  of  the  hearing  con¬ 
servation  program. 

Tlie  DoD  instructions  are  minimal  and 
permit  variation  in  implementation  of  the 
hearing  conservation  program  Each  of  the 
branches  of  military-  service  has  developed  its 
own  specific  programs  which,  although  gener¬ 
ally  similar,  vary  in  detail. 

The  Department  of  Transportation  (DoT) 
is  also  involved  witn  occupational  noise  stan¬ 
dards.  The  United  States  Coast  Guard  is  re¬ 
sponsible  for  the  noise  program  in  the  mari¬ 
time  industry-  Tlie  Navigation  and  Vessel  in- 
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spection 'Circular  No.  12-82  contains  recom¬ 
mendations  for  control  of  excessive  noise.  The 
uniqueness  of  the  occupational  environment 
and  the  inability,  in  many  instances,  to  escape 
noise  exposure  aboard  ship  led  the  Coast 
Guard  to  adopt  the  index  of  24-hour  effective 
exposure  level.  The  permissible  noise  limit  is 
designated  as  a  24-hour  effective  level  of  82 
dBA.  The  circular  further  recommends  that 
new  ships  (1,600  gross  tons  or  more)  be  de¬ 
signed  to  achieve  levels  of  77  dBA.  These  de¬ 
sign  specifications  would  be  difficult  to 
achieve  in  smaller  vessels,  so  other  conserva¬ 
tion  methods  may  be  applied. 

The  Coast  Guard  standard  considers  dif¬ 
ferent  permissible  levels  for  living  spaces  such 
as  crew  sleeping  and  eating  areas.  For  these  lo¬ 
cations  let  els  should  be  no  more  than  75  dBA. 
Again,  these  requirements  depend  on  ship  size 
(500  gross  tons  or  more).  Sound  levels  from  a 
vessel's  fog  horn  are  not  to  exceed  1 10  dBA  at 
listening  posts. 

Crew  members  arc  required  to  wear  hear¬ 
ing  protection  when  entering  noise  let  els  of 
85  dBA  or  more.  OSHA’s  limit  of  140  dB  peak 
Impulsive  levels  and  115  dB  ceiling  for  contin¬ 
uous  noise  arc  part  of  the  maritime  standard. 
Those  personnel  with  24-hour  effective  levels 
exceeding  77  dBA  or  those  who  are  routinely 
exposed  to  noise  levels  of  85  dBA  or  more  are 
to  be  involved  in  hearing  conservation  pro¬ 
grams  including  hearing  testing  and  noise  edu¬ 
cation.  The  owncr/opcrator  of  the  ship  is  re¬ 
sponsible  for  the  conservation  program  and 
noise  control.  Crew  members  arc  responsible 
for  complying  with  the  program,  particularly 
with  the  requirements  for  wearing  hearing 
protection. 

The  Federal  Aviation  Administration 
(FAA)  is  authorized  to  establish  and  enforce 
rules  and  regulations  for  safety  Including  noise 
and  exhaust  emissions  from  aircraft  in  cooper¬ 
ation  with  the  EPA.  The  Noise  Control  Act  of 
1972  gave  the  EPA  authority  to  set  national 
noise  standards  for  commercial  products  and 
required  the  EPA  to  assist  the  FAA  in  develop¬ 
ing  regulation  for  airport  and  aircraft.  The  fo¬ 
cus  of  this  effort  is  less  on  the  employee  and 
more  on  the  effect  of  noise  on  the  general 
public. 

The  only  major  occupational  category  not 
covered  b)  a  noise  standard  is  agriculture  The 
Agricultural  Workers  Regulation  1928.21  ex¬ 
empts  agricultural  workers  from  the  noise 
standard. 

Individual  states  are  authorized  under  fed¬ 
eral  regulations  to  operate  their  own  plan  for 
occupational  safety  and  health  providing  their 
plans  arc  judged  to  be  at  leas!  as  stringent  and 


protective  as  those  required  by  federal  regula¬ 
tions  Twenty-three  states  have  accepted  these 
conditions  and  have  their  own  program  ap¬ 
proved  by  the  DoL 

Critical  Issues 

Fragmentation 

The  situation  in  the  United  States  regard¬ 
ing  the  application  of  noise  standards  and  the 
populations  covered  by  the  standards  is  con¬ 
fused  and  fragmented.  The  amended  noise 
standard  of  OSUA,  which  at  present  is  the 
most  comprehensive,  applies  only  to  those  in¬ 
volved  in  manufacturing,  utilities,  and  mari¬ 
time  occupations.  Construction  workers  arc 
handled  differently  by  the  administration. 
Those  working  in  the  construction  industry 
arc  covered  by  a  narrower,  less  stringent  rule 
that  existed  prior  to  the  implementation  of 
the  hearing  conservation  amendment  and  that 
is  rarely  enforced.  Transportation  workers  are 
the  responsibility  of  various  bureaus  within 
the  U.S.  Department  of  Transportation.  Their 
coverage  from  the  hazards  of  noise  is  variable, 
and  the  enforcement  is  spotty.  The  Mine 
Safety  and  Health  Administration  has  standards 
that  differ  depending  on  the  type  of  mining  in¬ 
volved.  The  MSHA  applies  a  standard  that  is 
less  stringent  than  that  of  the  OSHA  to  its  con¬ 
stituents.  Agricultural  workers  who  arc  sup¬ 
posed  to  be  covered  by  the  OSHA  regulations 
arc  in  reality  not  covered  at  all  from  the  noise 
hazards  of  the  machinery’  and  equipment  they 
use  in  farm  operations. 

Flic  NIOSH  and  the  Association  of  Schools 
of  Public  Health,  in  their  consideration  of  the 
national  strategics  for  the  prevention  of  lead¬ 
ing  work  related  diseases  and  injuries  (ASPH/ 
NIOSH,  1988),  proposed,  as  a  long  term  ob¬ 
jective,  that  the  provisions  of  the  OSHA’s  1971 
noise  standard  together  with  the  1985  hearing 
conservation  amendment  be  extended  to 
cover  all  industries  in  which  potentially  haz¬ 
ardous  noise  exists  Tins  coverage  would  in 
elude  not  only  the  manufacturing  and  utilities 
industries  but  also  agriculture,  mining,  for¬ 
estry,  transportation,  oil  and  gas  well  drilling, 
construction,  and  the  service  Industries  Such 
an  extension  would  provide  protection  to  an 
estimated  3  million  additional  workers. 

Prevalence  and  Compliance 

Assessment  of  the  importance  of  the  prob¬ 
lem  of  industrial  noise  exposure  dictates  that  a 
realistic  estimate  of  the  number  of  workers 
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who  arc  exposed  to  hazardous  workplace 
noise  be  available  Prevalence  of  noise  expo¬ 
sure  in  industry  and  the  availability  of  hearing 
conservation  programs  were  among  the  items 
of  interest  to  the  National  Occupational  Haz¬ 
ard  Survey  (NOHS)  conducted  in  the  period 
from  1974  to  1978  Results  from  this  survey 
were  used  by  OSHA  as  an .  indication  of  the 
number  of  people  working  in  various  manu¬ 
facturing  industries  and  the  number  of  work¬ 
ers  exposed  to  noise  in  these  industries 
(Franks,  1988). 

Although  these  estimates  of  the  preva¬ 
lence  of  workers  exposed  to  hazard  may  have 
had  some  validity  in  tfic  late  1970s,  the  appro¬ 
priateness  of  extrapolating  from  these  data  to 
arrive  at  estimates  for  the  1990s  is  question¬ 
able  Many  industries  that  ha\e  been  very 
noisy  ha\e  become  quieter  as  a  consequence 
of  equipment  replacement  and  retooling.  In 
the  United  States,  noisy  manufacturing  indus¬ 
tries,  such  as  primary'  metals,  ivc  had  signifi¬ 
cant  reductions  in  production  workers.  Other 
areas  such  as  printing  and  publishing  have  had 
major  increases  in  workers.  The  initial  NOHS 
indicated  that  less  than  5  percent  of  those 
working  in  the  serv  ice  group  were  exposed  to 
potentially  hazardous  noise.  Employment  in 
the  United  States  has  shifted  from  the  noisy 
environments  of  heavy  industry  to  quieter  ac¬ 
tivities  in  the  service  sector.  There  is  a  distinct 
possibility  that  the  number  of  exposed  people 
is  not  as  great  as  the  earlier  estimates  indi¬ 
cated.  Tlic  relationship  of  employment  and 
noise  exposure  is  dynamic  and  requires  con¬ 
tinual  monitoring  to  maintain  desirable  levels 
of  accuracy  (Franks,  1988). 

The  NOHS  provided  estimates  of  the 
number  of  workers  exposed  to  continuous 
noise  who  were  involved  in  some  type  of  au¬ 
diometric  testing.  Although  hearing  testing 
only  represents  one  element  of  an  effective 
hearing  conservation  program,  indirectly 
these  data  provided  estimates  of  compliance 
with  the  requirement  for  hearing  conserva¬ 
tion,  The  NOHS  estimated  that  37  percent  of 
all  woikers  exposed  to  continuous  noise  have 
their  hearing  tested.  Although  these  estimates 
do  provide  some  information  regarding  hear¬ 
ing  conservation,  (here  is  no  indication  of  the 
quality  of  the  program  or,  for  that  matter,  the 
quality  of  the  audiometry.  Further,  how  well 
these  data  represent  the  situation  as  it  exists 
today  is  subject  to  the  same  concerns  ex¬ 
pressed  for  the  estimates  of  prevalence  of  em¬ 
ployee  noise  exposure  Unfortunately,  how¬ 
ever,  these  estimates  still  remain  the  best 
available. 


There  is  a  need  for  systemic  data  collec¬ 
tion  from  occupational  hearing  conservation 
programs*  These  data  could  provide  current 
estimates  of  the  magnitude  of  the  occupa¬ 
tional  noise  problem  as  well  as  provide  infor¬ 
mation  regarding  the  effectiveness  of  attempts 
to  protect  hearing  from  this  noise.  Designation 
of  a  specific  agency  to  serve  as  a  repository  for 
data  gathered  by  industry'  would  be  a  definite 
asset  in  the  assessment  of  the  value  and  effi¬ 
cacy  of  occupational  noise  standards. 

Enforcement 

In  the  1970s  the  hazardous  and  undesir¬ 
able  effects  of  noise  received  considerable  at¬ 
tention  in  the  United  States.  Regulations  were 
developed  and  promulgated  by  OSHA  and  by 
the  F.PA.  A  number  of  conferences  and  semi¬ 
nars  were  occupied  with  the  subject.  Research 
projects  dealing  with  various  aspects  of  noise 
were  proposed  and  Rinded.  Professionals  with 
expertise  in  noise  effects  and  noise  control 
were  in  demand.  A  change  in  the  presidency 
brought  with  it  a  change  in  the  policy  of  the 
administration  with  a  de-emphasis  on  regula¬ 
tory  activity  of  the  federal  government  (Sutcr, 
1989). 

OSHA’s  enforcement  of  its  standards  lias 
weakened.  The  citations  issued  by  OSHA  for 
violations  of  the  provisions  of  its  hearing  con¬ 
servation  regulation  decreased  from  3,572  m 
1984  to  2,368  in  1987,  A  better  index  of  en¬ 
forcement  is  the  amount  of  the  penalties  re¬ 
sulting  from  these  citations.  In  1980,  prior  to 
the  implementation  of  the  hearing  conserva¬ 
tion  amendment,  industry  in  the  United  States 
was  fined  5633,485  for  2,292  violations  of  the 
noise  standard.  In  1987,  the  fines  decreased  to 
5200,880  for  2,259  violations.  OSHA  fre¬ 
quently  adjusts  the  amount  of  the  penalty  fol¬ 
lowing  negotiations  with  the  companies  in¬ 
volved,  consequently  the  cited  firms  actually 
paid  only  5279,962  m  1980  and  546,236  in 
1987  for  noise  violations  In  the  year  1987, 
then,  the  average  cost  per  citation  was  518 
and,  in  reality,  could  not  be  considered  an 
economic  incentive  for  complying  witn 
OSHA’s  noise  standard  (Suter,  1989) 

Undoubtedly,  the  reticence  to  issue  cita 
lions  and  to  prosecute  violations  is  due,  in 
part,  to  the  fact  that  employers  are  more  likely 
to  contest  these  actions  In  1987,  companies 
contested  a  quarter  of  all  noise  related  cita¬ 
tions.  The  requirement  of  “feasible  engineer¬ 
ing  controls”  of  noise  has  been  interpreted  as 
technically  feasible  Now  the  courts  are  re- 
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quiring  that  the  procedures  be  ccooomkaUy 
feasible  as  wl  Despite  ibe  fict  that  the 
courts  have  uot  defined  economic  feasibility, 
the  opinion  that  OS  HA  must  consider  the  cost 
of  engineering  controls  legally  has  been  up¬ 
held-  Lawyers  representing  the  DoL  avoid  liti¬ 
gating  cases  involving  the  stipulation  of  feasi¬ 
ble  engineering  controls  because  of  the  diffi¬ 
culty  «n  proring  the  test  of  economic  feasibil¬ 
ity- 

The  noise  programs  of  the  EPA  and  OSHA 
are  either  weak  or  have  disappeared-  Govern¬ 
mental  de-emphasis  of  the  problem  of  noise  in 
the  industrial  environment  and  the  firing  envi¬ 
ronment,  in  general,  needs  to  be  reversed  if 
the  hearing  of  its  citizens  is  to  be  protected 
and  preserved.  There  arc  hopcfii!  *igns  that 
this  reversal  may  be  under  way,  because  the 
interest  in  problems  of  the  environment 
seems  to  be  returning  and  pressure  again  is 
being  exerted  on  governmental  agencies  for 
their  solution. 


Procedural  Focus 

The  hearing  conservation  amendment  to 
OSHA’s  noise  regulation  served  to  strengthen 
these  regulations.  By  requiring  initiation  of 
hearing  conservation  practices  for  employees 
exposed  to  the  equivalent  of  8  hours  at  8S 
dBA,  the  amendment  provides  protection  for 
those  who  would  not  be  considered  under  the 
limits  of  90  dBA  specified  as  permissible  in  the 
standard 

The  administration  under  President  Rea¬ 
gan  viewed  the  amendment  as  an  opportunity 
to  shift  OSIIA’s  enforcement  from  engineering 
controls  to  reliance  on  hearing  protection.  In 
1982,  OSHA  instructed  its  field  offices  to  stop 
issuing  citations  to  companies  whose  employ¬ 
ees  were  exposed  to  daily  average  noise  levels 
of  less  than  100  dB  as  long  as  companies  had 
effective  hearing  conservation  programs  As  a 
consequence  of  these  instructions,  OSHA  has 
raised  the  permissible  exposure  limit  from  90 
to  100  dBA  without  going  through  the  formal 
nilcmaWng  pr*x:cd*re.  Tins  policy  change  has 
not  been  tested  in  tne  courts  despite  its  ques¬ 
tionable  legality  (Sutcr,  1989) 

Ihe  most  desirable  method  for  noise  con¬ 
trol  is  for  reduction  of  noise  from  the  source. 
Tins  would  require  design  of  equipment  and 
procedures  by  the  manufacturers  to  operate 
more  quietly  at  the  outset.  An  expert  panel 
from  industrial,  academic,  and  professional 
consulting  firms  at  a  symposium  on  machinery 


and  cotstmctioa  nebe  sponsored  by  the  EPA 
in  19~9  to  confident  that  quieter  products 
could  be  designed  provided  there  was  eco¬ 
nomic  incentive.  The- symposium  participants 
indicated  that  without  incentives,  both  posi¬ 
tive  and  negative  there  would  be  no  techno¬ 
logic  development;  they  firnber  expressed  the 
opinion  that  the  incentives  for  noise  control 
were  weak,  uncertain,  or  absent  (Sutcr,  1989). 

Focus  on  bearing  protection  as  tlx;  method  for 

reduction  of  noise  exposure  serves  to  subvert 
effort?  and  inccnth  cs  for  dev  eloping  and  using 
engineering  procedures  for  noise  reduction. 
In  practice,  people  generally  dislike  wearing 
hearing  protectors  and  arc  reticent  to  use 
them.  Even  when  the  protectors  arc  used  fail¬ 
ure  to  fit  the  devices  properly  limits  their  ef¬ 
fectiveness.  Employ  ecs  may  not  receive  the 
benefit  intended  or  specified  by  the  manufac¬ 
turers  of  this  protection  and  thereby  diminish 
the  value  of  the  conservation  program. 

As  one  of  the  short-term  objectives,  the 
NIOSH  and  the  Association  of  School  of  Public 
Health  (ASPILOvlOSH,  1988)  recommended 
the  rescinding  of  OSHA's  instructions  tlat  do 
not  require  engineering  control  below  100 
dBA  and  that  permit  the  use  of  hearing  protec¬ 
tors.  Further,  it  was  recommended  that  regula¬ 
tions  should  require  noise  specifications  in  the 
procurement  of  new  equipment  on  federally 
funded  projects. 

Evaluating  Hearing 
Conservation  Programs 

The  OSHA  Hearing  Conservation  Amend 
ment  describes  those  elements  required  for  an 
effective  hearing  conservation  program.  The 
amendment  docs  not  specify-  how  to  imple¬ 
ment  this  program  or  how  to  judge  whether 
the  program  is  effectively  meeting  its  objec¬ 
tives  If  hearing  conservation  programs  arc  to 
succeed  in  preventing  noise  induced  hearing 
loss,  those  people  responsible  for  the  pro¬ 
grams  must  understand  how  they  should  be 
organized  and  operated  A  program  cannot  be 
considered  effective  simply  because  it  con¬ 
tains,  in  some  fashion,  the  five  elements  pre¬ 
scribed  by  the  amendment,  i  e ,  sound  surveys, 
cngir^eringadministiativc  controls,  educa¬ 
tion,  audiomctric  evaluations,  and  hearing  pro¬ 
tection 

Efforts  arc  under  way  to  develop  proce¬ 
dures  for  evaluating  the  effectiveness  of  hear¬ 
ing  conservation  programs  using  techniques  of 
audiomctric  data  base  analysis  (Royster  and 
Royster,  1988)  The  Standards  Committee, 
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S12.  Noise.  accredited  by  the  ANSI  through  its 
Working  Group  12.  h»  pr^oscdiocnl  pro¬ 
cedures  forusing  aodiomdric  data  base  infor- 
nmioa  for  the  purpose  of  evaluating  program 
cfleaivcncssv  These  procedures  arc  being  con¬ 
sidered  for  publication  as  a  document  for  the 
purposes  of  trial  and  comment.  The  ultimate 
objective  is  for  one  or  more  of  these  methods 
to  sene  as  a  consensus  standard  procedure  for 
program  evaluation.  . 

Impulse  and  Impact  Noise 

An  important  issue  not  adequately  ad¬ 
dressed  in  the  occupational  noise  standards  of 
the  United  States  is  the  criteria  for  exposure 
to  short,  usually  intense  noises  described  as 
impulse  and  impact  noise  None  of  the  current 
standards  contains  explicit  requirements  for 
these  exposures.  There  arc  a  number  of  unre¬ 
solved  questions  regarding  the  relations  of  the 
acoustic  properties  of  these  types  of  noises  to 
hearing  loss.  These  questions  include  effect  of 
rise  and  decay  times,  the  spectrum,  and  ihc  ef¬ 
fect  of  background  level  between  pulses.  Arc 
impulse  and  impact  noises  sufficiently  differ¬ 
ent  that  they  should  be  considered  separately? 
Arc  there  critical  levels  at  which  the  underly¬ 
ing  mechanisms  change  from  those  involved 
in  noise-induced  hearing  loss  to  those  of  noise 
trauma?  These  questions  arc  being  addressed 
by  NIOSII  (ASPH/NIOSH.  1988)  as  well  as  by 
a  working  group  of  the  Committee  on  Hearing 
and  Bioacoustics/Biomcchanics  (CHABA)  of 
the  National  Research  Council. 

Risk 

OSHA  has  not  specified  the  level  of  risk 
for  noise-induced  hearing  loss  that  would  be 
considered  acceptable.  Using  data  compiled 
by  the  fcPA  (EPA,  1974  X  OSHA  chose  a  level 
of  90  dBA  as  the  maximum  permissible  expo¬ 
sure  level  (PEL),  which  implies  that  a  risk  of 
from  20  to  29  pci  cent  is  tolerable.  Implemen¬ 
tation  of  the  hearing  const  nation  at  a  level  of 
85  dBA  suggests  that  a  risk  of  material  impair¬ 
ment  in  10  to  15  percent  of  the  exposed  pop¬ 
ulation  is  more  acceptable  to  OSHA  There  are 
those  who  feel  that  the  risk  should  be  reduced 
still  further  by  moving  the  PEL  to  85  dBA 
(Suter,  1989). 

The  debate  continues  regarding  the  ap¬ 
propriate  exchange  rate  for  time  and  intensity 
OSHA  has  adopted  the  5-dB  rule,  the  DoD  a 
i  dB  rule,  and  many  of  the  other  industrial  na¬ 
tions,  particularly  :n  Europe,  a  3-dB  rule  Un- 


qucsjiofublr.  the  5<iS  exchange  rale  would 
o2er  more  protection  to  those  exposed  to  oc¬ 
cupational  poise. 

The  present  noise  standards  could  be 
made  more  protective.  However,  there  can  be 
no  doubt  that  the  OSHA  noise  standard,  as  it 
now  standi,  would  offer  protection  to  a  signif¬ 
icant  segment  of  the  population  now  at  risk 
for  incurring  occupational  noise- induced  hear¬ 
ing  loss  if  the  requirements  arc  effectively  im- 
plcmcrrtcd  and  enforced.  Continued  debate  on 
whether  the  standard  should  be  more  or  less 
stringent  has  rb  value  if  the  standard,  what¬ 
ever  its  requirements,  is  given  no  support  by 
government  agencies  responsible  for  its  en¬ 
forcement. 

Conclusion 

With  the  exception  of  the  agricultural  in¬ 
dustry,  there  are  noise  standards,  federal  or 
state,  that  apply  to  all  major  occupational  cat¬ 
egories  in  the  United  States.  All  of  the  existing 
noise  standards  have  adopted  the  permissible 
noise  limits  that  first  appeared  as  part  of  the 
Vtabh-Healey  Act  in  1969.  The  various  stan¬ 
dards  differ  in  definition  and  description  of  ef¬ 
fective  hearing  conservation  programs.  Au¬ 
thority  for  implementing  and  monitoring  the 
noise  standard  provisions  varies  depending  on 
the  particular  industry.  Compliance  with  and 
enforcement  of  the  standards  arc  less  than 
might  be  desired.  Uniform  adoption  of  the 
DoL  Hearing  Conservation  Amendment  and 
more  vigorous  enforcement  of  existing  noise 
regulations  would  go  a  long  way  toward  pre¬ 
serving  the  hearing  of  workers  from  the  nox¬ 
ious  effects  of  occupational  noise  exposure. 

Les  Normes  d’Exposition 
au  Bruit:  Etat  Actuei  et 
Problemes  en  Suspens 

Ccrtaincs  dcs  dispositions  de  base  des 
lextes  normatifs  sur  ('exposition  profession- 
nellc  au  bruit  du  M  mist  ere  du  Travail  dcs 
Etats-Ums  (US  Department  of  Labor)  sont 
rcstccs  inchangccs  depuis  pius  de  20  a  ns.  Ccs 
normes  conccment  environ  5  millions  de  tra- 
vaillcurs  dans  les  industries  de  transformation 
dans  plus  de  300  000  licux  de  travail.  La  hmitc 
d’exposmon  autonscc  cst  un  niveau  sonorc 
pondcrc  A  de  90  dB,  avec  un  “taux  de  double- 
menr  de  5  dB  qui  consmue  la  relation  entre 
durcc  et  niveau  La  norme  appcllc  a  une  re- 
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duction  dc  Fcxposilion  au  bruit  dcs  tra- 
vaflleurs  surcxposcs  cn  instiruant  dcs  mcsurcs 
aoplicablcs  ou  dcs  controlcs  administrates, 
techniques  ou  d'organisation  du  travail,  lor- 
sque  c  cst  faisablc. 

En'1972,  ITnstitut  National  pour  la  Secu¬ 
rity  ct  I’Hvgicae  du  travail  (National  Institute 
for  Occupational  Safety  and  Health:  XIOSH )  a 
rccommandc  dc  reduire  la  dose  deposition 
permhe  a  85  dB  (A)  ct  suggerc  unc  scric  dc 
mesures  pour  la  sauvegarde  dc  l'auditiqq  dcs 
travaillcurs  surex poses  qui  indue  un  controlc 
da  bruit,  dcs  tests  audiometriques,  1c  choix  dc 
protections  audithes  ct  la  tcnuc^dc  fichicrs.  Lc 
Service  dc  la  Securitc  ct  du  lHygienc  du  Tra¬ 
vail  (Occupational  Safety  and  Health  Adminis¬ 
tration:  OSHA )  du  Ministcre  du  Travail- a  uti¬ 
lise  les  recommandations  du  NIOSH  coranic 
ossature  dc  base  pour  unc  modification  dc  son 
andenne  norme  sur  Ic  bruit,  la  norme  sur  lc 
bruit  dc  lOSHA  comporte  maintenant  dcs 
specifications  dctaillces  pour  dcs  programmes 
dc  sauvegarde  dc  l’audition,  qui  furent  pro¬ 
mulgates  cn  1981  ct  reviseo  cn  1983- 

D’autres  organismes  dcs  Etats-Unis  qui  ont 
promulguc  dcs  normes  dc  bruit  cn  milieu  dc 
travail  sont  Ic  Bureau  dc  Sc^snife  du  Transport 
Motorise  (Bureau  of  Motor  Canter  Safety)  du 
Ministcre  dcs  Transports  (Department  of 
Transportation),  la  Securitc  Minicre  (Mine 
Safety)  du  Ministcre  du  Travail  ct  lc  Ministcre 
uc  la  Defense  (Department  of  Defense).  Cer¬ 
tain  cs  questions  critiques  Iices  au  dcvcloppc- 
ment  ct  a  Implication  dcs  normes  sur  Ic  bruit 
sont  detenues  evidentes  durant  ccs  demicrcs 
annccs.  L’unc  dcs  plus  import  antes  ct  dcs  plus 
ddlicilcs  d’entre  dies  cst  constitute  par  le 
critcrc  d’cxposilion  aux  bruits  impulsionncls 
ct  d’impacts.  Aucune  dcs  normes  amcricaincs 
sur  lc  bruit  cn  milieu  dc  travail  nc  comportc 
d'cxigenccs  cxplicitcs  cn  cc  qui  conccrne  cc 
type  depositions.  Farmi  les  questions  non 
rcsolucs  (sc  trouvent)  Ic  role  dcs  temps  dc 
montcc  ct  d’extinction,  le  spectre  dc  fre¬ 
quence  ct  Ic  niveau  dc  bruit  dc  fond  entre  les 
impulsions,  la  question  sc  pose  cgalcment  dc 
savoir  sit  cxistc  un  niveau  cnttquc  au  dessus 
duqucl  les  lesions  audi lives  augmentent  plus 
rapidement  ct  si,  dfccthcmcnt,  les  bruits  im- 
pulsionncls  ct  les  bruits  d'impact  doivent  ctrc 
traites  separement 

D'autres  questions  importantes  conccr* 
nent  Ic  "taiLX  dc  doublcmcnt,"  la  relation  entre 
durec  ct  niveau  dc  bran  (cst-il  dc  3.  4.  ou  5 
dB,  etc  ),  I  extension  des  normes  de  bruit  aux 
populations  actuellcmcnt  non  soumiscs  h  la 
rdgl calculation,  les  methodcs  d 'evaluation  du 
succfcs  dcs  programmes  dc  sauvegarde  dc 


Paudition  fondccs  sur  Paralyse  dc  bases  dc 
donnccs  sudiometriques  ct  Ic  degree  dc  re¬ 
duction  dcs  penes  auditnes  dues  au  bruit  que 
Ton  peut  cffccthcmcnt  attribucr  aux  normes 
U5.  sur  Ic  bruit. 
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CHAPTER  47 


Control  of  Occupational  Noise  in 
the  European  Economic  Community 

MARCEL  J.  VAN  DER  VENNE 


Occupational  hearing  loss  is  a  major 
subject  of  concern  to  all  interested  parties 
(management,  labor,  and  relevant  national  au¬ 
thorities)  within  the  European  Communities. 
The  exact  number  of  workers  exposed  to  var¬ 
ious  noise  levels  is  not  known;  however,  ac¬ 
cording  to  estimates,  a  total  of  25  to  35  mil¬ 
lion  workers  are  exposed  during  work  hours 
to  continuous  noise  levels  equal  to  or  higher 
than  80  dBA,  for  half  the  cases  the  average  am¬ 
bient  noise  exceeds  85  dBA.  and  for  7  to  9 
million  of  the  workers  the  average  noise  ex¬ 
ceeds  90  dBA, 

The  number  of  workers  exposed  to  exces¬ 
sive  noise  is  obviously  high,  and  loss  of  hear¬ 
ing  is  a  leading  occupational  disease  in  indus¬ 
trialized  countries  The  rising  costs  of  the  cor¬ 
responding  compensation  have  also  contrib¬ 
uted  to  a  heightened  perception  of  the 
problem,  and  it  was  decided  that  a  minimum 
level  of  worker  protection  had  to  be  achieved 
in  all  the  Member  States,  through  legislative 
provisions.  A  mandatory  legal  hearing  protec¬ 
tion  instrument  was  selected,  because  neither 
a  consensus  on  objective  data  (the  Interna¬ 
tional  Standards  Organization,  or  ISO,  recom¬ 
mendation  dates  back  to  1971)  nor  voluntary 
agreements  (ILO,  1977)  succeeded  in  tackling 
the  problem. 

Procedure 

To  reach  common  objectives  while  pro¬ 
viding  the  required  flexibility  and  acknowl¬ 
edging  different  structures  and  approaches  of 
our  Member  States,  Council  Directives  appear 
as  the  most  appropriate  instruments  Council 
Directives  are  binding  on  the  Member  States 
as  to  the  result  to  be  achieved,  but  leave  to 


the  national  authorities  the  choice  of  forms 
and  methods  (EEC,  1957). 

A  Council  Directive  is  a  mandatory'  legal 
instrument  that  satisfies  the  following  condi¬ 
tions; 

— Proposed  by  the  Commission,  which 
collects  the  information  and  associates  the  in¬ 
terested  parties  during  the  preparation 

— Discussed  by  the  European  Parliament 
and  by  the  Economic  and  Social  Committee 
— Decided  on  by  the  Council  of  Ministers 
— Implemented  nationally  by  the  Govern¬ 
ments 

Tlic  Commission  assures  that  all  the  re¬ 
quirements  arc  integrated  into  each  state’s  le¬ 
gal  system;  the  resulting  statutes  are  then  en 
forced  by  the  national  authorities 

The  requirements  mandated  in  a  directive 
usually  call  for  technical  specifications  and 
supporting  documents  to  assist  the  final  users 
(designers,  manufacturers,  employers,  control¬ 
ling  authorities)  in  meeting  their  duties  Ac¬ 
cording  to  the  “New  Approach"  (EEC,  1985) 
this  can  be  done  by  European  standards  har¬ 
monized  that  show  in  operational  terms  how 
the  objectives  fixed  by  a  directive  can  be 
achieved  They  are  developed  by  the  Euro¬ 
pean  Committee  for  Standardization  (CEN) 
and  the  European  Committee  for  Electrotech¬ 
nical  Standardization  (CENELEC)  When  its 
reference  is  published  by  the  Commission, 
such  a  harmonized  standard  enjoys  a  privi¬ 
leged  legal  status  Equipment  complying  with 
a  European  harmonized  standard  is  deemed  to 
comply  with  the  corresponding  directive's 
safety  requirements,  manufacturers  thus  have 
a  clear  incentive  to  use  such  a  standard,  al¬ 
though  this  is  not  mandator)' 
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Controlling  Risk  Due 
to  Noise 

Community  action  has  primarily  ad* 
dressed  the  risk  to  hearing  caused  by  occupa¬ 
tional  noise,  A  considerable  amount  of  scien¬ 
tific  work  has  resulted  in  a  reasonable  under¬ 
standing  of  the  exposure-effect  relationship 
(ISO,  1990).  However,  the  available  data  do 
not  permit  a  similar  evaluation  of  the  nonaudi- 
tory  effects  and  risks.  An  analysis  of  interna¬ 
tional  scientific  reviews  (WHO,  1980,  ISO, 
1990)  led  to  selection  of  two  parameters  used 
to  express  the  risk.  ( 1 )  the  maximum  value  of 
tlie  acoustic  pressure  likely  to  result  in  almost 
immediate  damage;  and  (2)  the  amount  of 
A-weighted  sound  energy  reaching  the  ear 
that  leads  to  long  term  hearing  impairment. 

Exposure  to  noise  can  be  limited  in  a 
number  of  ways.  Reducing  the  emission  at  its 
source  or  fixing  the  maximum  allowed  values 
of  ambient  noise  conflicts  with  technologic 
and  economic  factors  and  often  is  neither  realis¬ 
tic  nor  reasonable.  Objective  observations  and 
practical  reasons  led  to  the  decision  that  ambi¬ 
ent  noise  levels  should  be  reduced  (primarily  at 
the  source)  whenever  it  is  reasonable,  but  that 
mandator)  limits  will  apply  only  on  the  noise 
reaching  the  ear  Thus,  if  noisy  equipment  can¬ 
not  be  avoided,  the  conditions  of  the  equip¬ 
ment’s  use  are  regulated  Hearing  protectors 
certainly  can  be  useful  in  controlling  the  risk, 
but  the)’  remain  a  last  resort  considering  the  dis- 
advantages  and  uncertainties  attached  to  their 
use.  Workers  and  employers  have  held  strong 
and  differing  views  on  the  level  to  which  occu¬ 
pational  noise  should  be  limited. 

One  may  argue  that  a  noise-induced  per¬ 
manent  threshold  shift  can  be  detected  at  the 
most  sensitive  audiometric  frequency  as  soon 
as  the  daily  noise  exposure  exceeds  75  dBA, 
this  figure  represents  a  “zero-risk  to  hearing" 
(although  not  socially  significant).  Any  higher 
value  implies  a  judgment  on  the  amount  of 
hearing  impairment  that  is  considered  accept¬ 
able,  and  this  is  not  a  technical  but  a  political 
process. 

Two  specific  problems  also  had  to  be 
solved:  ( 1 )  how  to  treat  short  bursts  of  very 
intensive  noise  (impulse-impact),  and  (2)  to 
what  extent  acoustic  rest  should  be  accounted 
for  (intermittent  exposure).  Practical  consid¬ 
erations  played  an  important  role  here  in  addi¬ 
tion  to  available  evidence,  the  aim  being  an 
applicable  and  enforceable  regulation  that,  if 
errant,  errs  modestly  and  on  the  safe  side  It 
was  thus  decided  that  when  the  ear  is  exposed 


to  noise  bursts,  the  peak  pressure  must  be  lim¬ 
ited  and  the  acoustic  energy’  must  be  included 
in  the  allowable  daily  exposure;  this  of  course 
requires  the  use  of  measuring  equipment  ca¬ 
pable  of  integrating  the  rapidly  varying  sound 
pressure.  We  feel  that  an  instrument  with  an 
onset  time  of  100  ps  covers  at  least  99  per¬ 
cent  of  the  noise  bursts  experienced  m  indus¬ 
trial  situations 

A  3-dB  exchange  rate  was  chosen  for  trad¬ 
ing  intensity  against  duration.  This  is  consis¬ 
tent  with  international  standardization  and 
avoids  any  necessity  of  controlling  level  and  is 
simple  to  apply  in  industrial  practice  when  a 
given  level  of  protection  must  be  guaranteed 
Larger  exchange  rates  (eg,  5  dB)  rely  on  some 
hearing  recovery  during  acoustic  rest,  and  se¬ 
lecting  such  a  value  assumes  that  a  given  pat¬ 
tern  of  noisy-quiet  periods  is  respected;  other¬ 
wise  the  corresponding  people  will  not  be 
granted  the  assumed  protection  and,  sadly, 
their  underprotection  increases  with  the  mag¬ 
nitude  of  their  overexposure.  Checking  the  af¬ 
forded  protection  requires  monitoring  the 
noise  levels  and  durations  of  intermittent  ex¬ 
posure — complex  to  implement  and  hardly 
enforceable! 

The  size  of  the  population  concerned,  the 
resulting  human  and  social  costs,  and  the  eco¬ 
nomic  and  technical  constraints  have  led  to  a 
two-pronged  approach  combining  safety  re¬ 
quirements  for  equipment  with  safe  working 
conditions  for  persons 

Directives  on  Equipment 

Part  of  the  program  aimed  at  protecting 
the  environment  and  at  ensuring  the  free  cir¬ 
culation  of  goods  involves  regulation  of  the 
noise  produced  by  some  types  of  machinery 
(eg,  tractors,  earth-moving  equipment,  com¬ 
pressors)  Noise  emissions  must  be  indicated 
and  maximum  accepted  figures  are  specified, 
this  certainly  contributes  to  reducing  the 
noise  exposure  at  work,  although  it  applies 
only  to  new  equipment  and  specific  uses  (e  g , 
civil  engineering  and  building  sites) 

A  more  comprehensive  treatment  is  found 
in  the  Council  Directive  89/392  EEC  (EEC, 
1989),  which  lists  emitted  noise  as  one  of  the 
risks  caused  by  a  machine  Directive  89/392 
requires  that  each  machine  be  designed  and 
constructed  so  as  to  limit  noise  risk  to  the 
lowest  possible  level  Furthermore,  each  ma¬ 
chine  must  be  “labeled”  with  the  peak  pres¬ 
sure  when  it  exceeds  63  Pa  ( 1 30  dB)  and  with 
the  sound  pressure  level  at  the  work  station 
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when  it  exceeds  70  dBA.  When  the  latter  ex¬ 
ceeds  85  dBA,  the  sound  power  level  must 
also  be  indicated  The  directive  refers  to  tech¬ 
nical  standards  for  the  conditions  in  which  the 
measurements  are  to  be  made,  and  CEN  is  ac¬ 
tively  proceeding  with  the  development  of  Eu¬ 
ropean  standards  covering  both  the  method  of 
noise  measurements  and  machine-specific  test 
codes. 

The  Noise  at  Work 
Directive  86/188 

While  acknowledging  the  contribution  of 
quieter  equipment  to  a  reduction  of  the  expo¬ 
sure,  a  specific  directive  was  aimed  at  protec¬ 
tion  from  the  risks  related  to  exposure  to 
noise  at  work,  and  was  adopted  by  the  Coun¬ 
cil  in  1986  (EEC,  1986),  The  provisions  of  the 
directive  had  to  be  implemented  by  national 
legislation  by  1  January  1990  at  the  latest  (one 
year  later  for  Greece  and  Portugal),  The  direc¬ 
tive  is  concerned  essentially  with  protecting 
workers  against  risks  to  their  hearing  and  lays 
down  the  general  principle  that  such  risks 
must  be  reduced  to  the  lowest  level  compati¬ 
ble  with  technical  possibilities  and  economic 
constraints. 

The  responsibility  of  containing  the  risk 
belongs  primarily  to  the  employer.  To  assist 
the  employer  in  containing  risks,  the  directive 
uses  "action  levels**— values  that,  when  ex¬ 
ceeded,  trigger  specific  actions.  The  action 
levels  apply  to  two  parameters  mentioned  ear¬ 
lier.  the  peak  sound  pressure  (expressed  in 
pascals  to  avoid  concision  with  continuous 
noise  levels)  and  the  sound  energy  received 
during  the  actual  working  day.  The  latter  is 
expressed  as  the  "daily  personal  exposure 
(IJEP.d)**  and  is  the  same  as  the  noise  exposure 
level  normalized  to  a  nominal  8  hour  working 
day  (LEX, 8  h)  used  by  the  recently  published 
ISO  1999  standard.  TTic  LEP  uses  a  3-dB  ex¬ 
change  rate  and  differs  from  the  equivalent 
continuous  A-wcighted  sound  pressure  level 
(LAeq,T)  by  the  fact  that  the  sound  pressure  is 
averaged  over  a  fixed  duration  (8  hours)  in¬ 
stead  of  over  the  measurement  period  (T), 

Action  levels  have  been  specified  as  200 
Pa  peak,  85  and  90  dBA  LEP,d.  The  following 
actions  are  taken  when  noise  measurements 
show  that  action  levels  have  been  exceeded 
(1)  Above  an  LEP,d  of  85  dBA,  workers  must 
be  informed  of  the  risk  that  they  can  incur  and 
also  of  the  specific  locations  of  risk.  Hearing 
protectors  arc  to  be  made  available,  and  work¬ 


ers  arc  entitled  to  hearing  examinations  in  or¬ 
der  to  diagnose  any  reduction  in  hearing  due 
to  noise,  and  (2)  If  the  LEP,d  exceeds  90  dBA 
or  if  the  peak  acoustic  pressure  exceeds  200 
pascals,  the  employer  has  to  draw  up  and  im¬ 
plement  a  program  of  technical  measures  (en¬ 
gineering  control)  or  changes  m  the  work  or¬ 
ganization  (administrative  control)  with  a 
view  to  improving  the  situation.  If  these 
means  do  not  make  it  reasonably  possible 
to  reduce  the  exposure  below  the  action  lev'* 
els,  hearing  protectors  must  be  worn.  The 
protectors  must  not,  however,  increase  the 
risk  of  accident  due,  for  example,  to  the  non* 
perception  of  sounds  or  to  noises  signalling  a 
danger. 

Installations  and  equipment,  having  an  es¬ 
sential  role  to  play  in  the  long  term  improve¬ 
ment  of  the  working  environment,  and  the 
need  to  reduce  the  risks  applies  also  to  the  de¬ 
sign,  construction  and  putting  into  service  of 
new  installations.  Finally,  whenever  equip¬ 
ment  is  used  that  emits  a  noise  that  is  likely  to 
exceed  the  action  levels,  the  employer  must 
be  informed  of  that  risk  so  that  he  can  take  the 
necessary  measures  to  meet  his  duties,  the  re¬ 
quirement  to  provide  such  information  will 
also  make  manufacturers  and  users  aware  of 
the  advantages  of  quieter  devices,  and  will 
help  to  improve  the  situation  through  market 
forces.  The  directive  also  deals  with  the  in¬ 
volvement  of  the  work  force  (as  well  as  their 
representatives)  in  piotcctlon  from  noise. 

The  directive  specifics  no  procedures  re¬ 
garding  the  measuring  of  noise  and  the  moni¬ 
toring  of  hearing,  advisory’  annexes  give  indi¬ 
cations  on  how  they’  can  be  performed. 

A  considerable  amount  of  leeway  is  left  to 
national  practices  for  the  implementation  of 
the  directive,  thereby  reconciling  respect  of 
the  alms  of  the  directive — which  guarantees 
protection — with  the  flexibility  and  the  econ¬ 
omy  of  means  made  necessary  by  the  diversity 
of  structures  and  industrial  practice.  The  pro¬ 
visions  of  the  directive  will  be  re-examined  on 
1  January'  1994  The  provisions  do  not  apply, 
however,  to  sea  and  air  transport  personnel  on 
board  a  ship  or  aircraft,  the  possibility  of  ex¬ 
tending  the  directive  to  those  areas  had  to  be 
examined  before  1  January  1990,  and  the 
Commission  is  currently  looking  at  the  prob¬ 
lem 

Conclusion 

Protection  against  noise  at  work,  the 
backbone  of  which  is  the  Council  Directive 
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8^I88EEC,  was  the  subject  of  hard  and  long 
discussions.  The  directive’s  provisions  inevita¬ 
bly  represent  a  compromise  between  diver¬ 
gent  positions  resulting  from  contradictory  re¬ 
quirements  We  are  convinced  that  they  can 
be  practically  applied  and  will  provide  an  ac¬ 
ceptable  minimum  level  of  risk  control 
throughout  the  Community;  they  also  provide 
a  good  basis  for  future  improvements  when¬ 
ever  these  are  possible,  thus  contributing  to 
the  social  dimension  of  the  single  market. 
However,  any  text’s  worth  is  judged  by  its  im¬ 
plementation,  and  the  Commission  has  explic¬ 
itly  stated  its  determination  to  see  all  the 
Community  legislation  accurately  imple¬ 
mented  and,  when  necessary,  vigorously  en¬ 
forced  in  the  workplace, 

Le  Controle  du  Bruit 
Pendant  le  Travail  dans 
la  CEE 

Comme  dc  nombreux  pays  industrialises, 
Ics  Etats  membres  dc  la  CEE  sc  sont  preoc- 
cupes  dcs  effets  nocifs  dc  l’exposition  profes- 
sionnclle  au  bruit. 

Consid6rant  les  couts  humains,  sociaux  ct 
economiques  mis  en  jeu,  un  accord  s’est  fait 
pour  assurer  A  tous  les  travalllcurs  dans  la 
Communaut6  un  dcgr6  minimum  harmonis6 
dc  protection  conlre  les  risques  affectant  leur 
ouie. 

les  Directives  du  Conscil  (qui  sont  dcs  in¬ 
struments  juridiqucs  contraignants  applicables 
i  toutc  la  Communaut£)  ont  done  abordc  le 
probteme  suivant  deux  axes, 

Les  equipements  doivent  etre  con^us  ct 
construits  de  fa^on  &  reduire  le  bruit  qu’ils 
produlscnt,  dc  plus  rexposltlon  dcs  personnes 
doit  etre  contenue.  la  llmitc  correspond  a  90 
dB(A)  pendant  8  heures  (avec  un  “taux  dc 
doublement"  dc  3  dB),  tandis  que  la  presslon 
Crete  don  rcster  ati-dcssous  de  200  Pa  (MO 
dB) 

Les  travailleurs  exposes  au-dessus  de 
“niveaux  d'action"  fixes  doivent  etre  informes 
et  formas,  ct  les  employcurs  ont  1’obhgation 
de  contenir  I’cxposition,  cn  agissant  pcio- 
ntairement  a  la  source  de  bruit,  les  protect- 
curs  d’ouie  etant  un  dernier  recours. 


Les  reglementations  s’apphqucnt  a  tous 
les  secteurs  d’activite,  a  l’exception  des  tra- 
vailleurs  des  transports  maritimes  et  aenens 
lorsqu’ils  sont  4  bord. 

Des  normes  techniques  peuvent  etre  utih- 
sees  afin  de  savoir  comment  les  objecufs  fix 6s 
dans  les  Directives  peuvent  etre  attemts,  et  Ics 
organisations  europeennes  de  normalisation 
(CEN  ct  CENELEC)  prdparent  activement  des 
normes  harmonisces. 

On  estime  que  cette  reglementation  con- 
trdlera  les  risques  p^.cipaux  etdes  autorites 
ont  exprime  leur  d6termination  dc  les  voir 
mises  en  oeuvre  de  fagon  effective. 
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recreational  activities.  270  275.  381-385 
sensitive  period  for,  196-  200 
and  sensory  processes.  56-57,  576 
sinusoidal  stimuli  as,  11 
and  sites  of  hearing  loss,  23-24  24f 
and  structural  changes.  415-420 
supersensitivity  and  continuous  tone,  150,  152- 153 
and  tinnitus,  269-275,  277-281 
noise-induced  permanent  (MPTX  260-270,  27 If 
and  transducer  channels.  51/  55 
two  traumatic  incidents  36-57,57/ 
and  weapon  noise  (guinea  pigX  326-327 
work  types,  270, 270t 
Actin 

in  apical  turns  of  outer  hair  cellv  60 
bridge  formation,  67-68 
and  cytochaiasaan,  40 
in  hair  ceil  regeneration,  214 
morphological  changes  in,  23,  29f 
in  scars,  67, 68/ 

and  myosin,  interaction  with,  420 
stcrcoolu,  23,  31-32, 6S /  489 
Action  levels,  533 
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Action  potentials  (AC) 
along  auditory  reeve,  Hi 
and  cubic  difference  tone  otoaooustic  emissions 
(CDTAOEX  93,217 
effect  of  elect  f'Cal  stimulation,  H I 
effect  of  kynut  natc  on,  39/  415 
Active  noise  cancellation,  5ec  Active  noise  reduction. 

Active  noise  reduction  (ANR) 
bandwkkhs,  390 

comfort  of  headset,  389,  J92. 399-400 
in  flying  situations,  404, 408 
headsets  for,  389-  400 
history  of,  389-  390. 398 
instrumentation  arrangements,  391, 39 If 
potential  application,  399 
and  sound  pressu«e  in  cockpit  of  helicopter,  410/ 
and  speech  Intelligibility,  392. 395. 398 
Adherens  function,  of  degenerating  hair  cell,  68, 68 / 

Afferent  and  efferent  terminals,  of  regenerated  cells  (chicks  X 
219. 220/.  222/ 

Afferent  dendrites,  65-66 
k)vs  of.  67, 67/  70. 139 
replacement  by  efferent.  66. 67/ 
swelling  of.  415 
Afferent  nerve  codings,  fibers 
and  Unauial  testing,  297 

damage  from  excess  neuro transmitters  from  hair  celts.  38, 
19«.  496 

disruption  of  transmitter  release  and  action  potential 
Initiation.  50/  56 

and  gjutamaicrgic  synapse.  197-198. 199/ 
growth  rate  of  firing,  afferent  neurons,  53 
hair  cell  to  afferent  nerve  sytupsc.  38 
neurone  before  and  after  acoustic  trauma.  48, 334 
outer  hair  cells,  output  of  afferent!  In.  60 
swelling  0/  38-  39. 67 

synapses.  55.  54, 98. 130.  139.  HI.  142/  219.  220/415 
See  afco  Synapse. 

Mocked.  36, 1 39 
ghitamatcrgic.  197- 198 
tuning  tunes  of.  K>6 

and  vibration  of  organ  of  Gotti,  47.  10/ See  also  Coni,  organ 

of 

and  weapon  none,  326 
Age  See  also  Aging:  Prcsby  cusis 
audiograms  on  old  vs.  young  subjects,  286-289, 286/  287/ 
288/  289/ 

effect 

on  existing  and  noise  induced  hearing  loss,  237-238, 

240 

on  nooe  InikKcd  permanent  hearing  loss,  27 1  -  272 
factor  in  tinnitus,  270-271,  275.  277 
and  incidence  of  notvc-lnducod  permanent  hearing  loss 
(NIPT)  270-271 

onset  of  hearing  loss.  168, 188. 238. 240.  243  See  also 
Presbycusis. 

premature  newborns,  188, 201 
and  susceptibility  to  ncxsc  induced  hearing  loss,  500 
Aging 

and  ghitamatcrgic  toxicity,  198 
tinnitus,  277 

Air  hag  deployment,  356, 357/ 

Ambient  noise,  532 

American  Conference  of  Industrial  Hygienists  522 
American  National  Standards  Institute  (ANSI) 
and  active  noise  reduction.  392-393 
and  evaluation  of  hearing  protection  programs.  528 
and  personnel  testing  programs,  523 
Real  Ear  Attenuation  at  Threshold  method.  398-  399 
working  group,  intertaboratory  comparisons,  protocols  for 
testing  hearing  protection  devices,  380-  381,  381/ 
398 

Aminobutyric  acid  (GABA),  60 
Aminoglycosides,  132,  204 

and  evoked  potential  threshold.  2H-217.  215/  216/ 
hair  cell  loss  (chicks).  201-206,  214 
potentiation  of.  by  loop  diuretics,  189- 190  193 


and  premature  babies,  102 
recovery  from  ototoxicity  (avtanX  228-235 
and  regenerated  chick  ceils,  219 
r conciliation  after  aminoglycoside  treatment,  220-223 
and  sensitive  developmental  period,  196 
In  studies  of  hair  cell  regeneration  (chicksX  216-217 
Amplification 
loss  of.  51. 51/ 
and  testing  headsets.  392 
Amplifier 

and  auditory  fatigue.  266 

cochlear  ampUficr/second  filter  (Gold's  hypothcSisX  31. 90, 
98 

power  amplifier  output,  371/ 

Ampfitude/intensity  function.  501, 502 
Amplitude,  4, 5. 6  5ce  a/so  Malleus,  vibrations  of,  amplitude. 
Vibratiofts  characteristics, 
of  acoustic  reflex.  504  See  a/so  Acoustic  reflex, 
active,  reduction  of  52, 52/  390 
auditory  evoked  potentials  (AEPsX  tinnitus,  277 
In  ear  canal.  4-5, 4/ 

evoked  response  amplitude  level  functions,  157- 158.  161/ 
162, 164/  168, 176 

normalized,  160/ 

and  threshold  shifts,  158-159, 162 
hyperbolic  growth  of  52/ 

and  Lnputtoutput  functions  of  electrically-cvokcd  middle 
latency  response.  1 3 6/ 

Intcraural  differences,  300 

Iso-sound  tuning  curves  for  ou'er  and  inner  hair  cell.  16/ 
Isoamplitude  tuning  curves.  16/ 
on  low-frequency  side  of  hearing  loss.  168, 230, 234. 299 
maximum  response  amplitude,  168 
ratio  of  cellular  and  malleus  amplitude,  7, 8f 
of  receptor  potential  IX  *3/  14/  15, 18. 18/ 
of  short  term  threshold  shift.  75/ 
stimulus,  increase  of  and  effect  on  increase  of  vibration 
amplitude,  49 

of  suppressor  tone,  and  hearing  loss,  55 
of  vibration.  49 
growth  of.  51-53, 53/ 
at  high  frequencies.  49 

less  compressive  growth  of  with  stimulus  level.  49-50 
An  echoic  test,  semi  anccboic  chamber,  401-402 
Angle-disc  ntrunation.  296, 300 
Ann- ilar  ligament 

and  nonlinear  transmission,  middle  ear.  514 
of  stapes.  355 
Anoxia.  11 

and  damage  to  hair  cells,  11. 198. 199/ 
and  excess  glutamate.  198. 199/ 
and  outer  hair  cell  receptive  current.  56 
Antibiotics,  interaction  with  intense  sound,  38 
Antlphasic  stimuli  295 
Apical  conductances.  24, 25 
Arteriosclerosis,  and  tinnitus,  277 
Articulation  index  (AlX  383-384 
and  noise-rcduction  headsets.  395 
1/3-ocuvc  band  method  of  calculating  .>7,  397/ 

Artificial  perfusion  (AP)  167- 168 
Aspirin  See  Salicylates. 

Asymmetric  hearing  See  Hearing  asymmetric 
Asymptote 

asymptotic  threshold  shifts,  1 61/See  Asymptotic  threshold 
shifts 

and  audiogram  score.  288 
definition  of  259 
and  increasing  A -duration,  318 
and  threshold  shifts.  445  See  also  Asymptotic  threshold 
shift 

Asymptotic  threshold  shift  (ATSX  24 1  Sec  a/so  Asymptote 
cisplaun,  effects  of  176 

correlation  with  and  permanent  threshold  shift,  484 
median  equal  asymptotic  threshold  shift,  363-  364,  363/ 
364/ 

and  octave  band  of  noise  (OBN),  4  45 
predictor  of  permanent  threshold  shift,  362,  365 
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and  sound  exposure  level.  364-365.  36<t  365. 3654 
Attention 

and  masking  paradigms,  30( 
vs.  performance,  304 

Attenuation  See  also  Hearing  protection  devices  (HPD$X*nd 
attenuation,  Earmuffs,  earplugs,  attenuation, 
active.  390. 392, 3934  3944  395 4  398-399 
cucumaural  devices,  382-383. 389 
carroufls,  earplugs,  380-383. 3824  516-518. 5164  517c 
5184 

errors,  at  low  frequency,  401 
evaluation  of  attenuation  devices,  401-411 
hearing  threshold  technique,  405, 4064  4074 
rcalear  attenuation  at  threshold  (REATX  401  See  also 
Earrauffs  earplugs,  real-ear  attenuation, 
and  sound  exposure  level  405. 407 4 
and  sound  transfer  function  (STFX  403 
and  frequency,  389, 399 
and  headsets,  392. 3934  395 

International  Standards  Organization,  work  of,  385-386 
KEMAR,  392. 3934 
measuring  procedures,  391. 401  -411 
mimmlcrophonc  measuring  technique,  402-403. 405. 4064 
40:/ 

nonlinear,  339. 411 
measuring.  401-402, 40 1 
passive.  390 

real  ear  attenuation  See  also  Eaxmufls,  earplugs,  r  calcar 
attenuation. 

vs.  flat  plate.  3934  3944  395. 3954 
vs.  KEMAR,  3934 

real-ear  vs.  artificials  flat  plate  methods.  391 
at  threshold  (REATX  585. 401, 517 
real  world.  379-380,  3804  381,  3814 
recreational  carptxx.cs  for  music.  384-385 
sound  field  vs.  pure  tone  (e.vptugsX  382-  383. 3824 

uniform.  377-378 
Audiogenic  seizure.  168 

Audiogram.  2834Sre  also  Hearing  Impairment,  assessing. 
Hearing,  binaural,  measuring 
age  of  subject.  286-  287. 2864  2874  289-  290.  2894 
age-corrected,  24 1 

for  assessing  hearing  Impairment.  232  -  292.  383 

baseline,  required  of  employers.  523 

NmodaJ.  242-243,  242/ 

compound  action  potential  126/ 

and  distortion  product  otoacoustic  envisions  (DPOAEsX 

100 

detection  threshold.  100, 106-107 
foe  evoked  response,  382 
4  096  cycle  notch.  351 

hearing  conservation  programs,  383. 523-525  Sec  also 
Hearing  conservation,  programs  and  strategics. 
Protection  from  noise 

irregulaniies  in  and  spontaneous  otoocoustic  emissions.  94 

101  See  also  Spontaneous  otocoustic  emmissions 
(SOEs) 

lack  of  correlation  between  monaural  and  binaural  results, 
294 

male  vs.  female  voice,  282,  285-  286  See  also  Gender 
Nl,  effects  of  hexamethoruum  on,  432 
pure  tone,  45-  46. 464  49,  73-74,  754  764  774  81, 99, 
1004  107,  1114  243,  2434  283.  297 
Industrial  none,  46 / 

S-shaped  curve,  283-284, 283/ 
and  resistance  to  noise  485 
and  spectral  weighting,  314 

speech  vs.  tone,  282-283  Sec  also  Speech  audiometry 
syllabic  count 

vs.  phoneme  count.  285-286,  2854  286/ 
sense  vs.  nonsense,  286-287,  286/ 
vs.  sentence  scores,  287-  288. 2884  290 
word  materials,  290 

Audiomctnc  testing  See  also  Audiogram, 
and  acoustic  impedance  502 
evoked  response  audiometry,  382 


speech  audiometry  See  Speech  audiometry 
Auditory  brain  stem 
atrophy  of,  X37 

auditory  brain  stem  method  of  compare  hearing  loss  in 

gerbils  pre-exposed  to  noise  with  those  not  exposed 
to  it.  238-240. 2404  246-247 
response  (ABRX  63-64, 644  467 
threshold,  growth  or  loss  of,  468-473. 4694  4704  491, 
491/ 

study  of  via  electrical  stimulation.  1 34- 1 35 
threshold  shifts  derived  from,  63, 120, 120/ 

Auditory  cortex,  119-123 

audiometric  measurement  after  weapon  noise  (guinea  pigsX 
326 

cochleotopic  organization  in  (cat$X  123. 124/ 
distribution  of  high,  low,  and  Intermediate  frequencies,  123, 
124/ 

excitatory  tuning  curves.  122/ 
and  lateral  Inhibition.  121, 122/ 
and  lesions  of  cochlea,  123.  1254  1264  316 
and  losses  in  cochlear  neural  sensitivity,  123-127.  125/ 
middle  layers  of.  120 
neurons,  122/ 
deprived  of  CF  Input,  124 
increased  rate  of  discharge,  334 
response  of,  1204  121, 334 
primary  response  from  (guinea  pigsX  326 
somatosensory,  169 
and  tinnitus,  280 
tonotoplc  organization  of.  1 26 / 
in  budgerigars,  234 
Auditory  damage 

of  cochlea,  85. 86  Sec  also  Auditory  cortex.  Cochlea. 

Hearing,  loss  o 4  Hysteresis;  Industrial  now.  Noise 
trauma.  Occupational  noise 
computer  simulations  of,  279 
and  impulse  noise.  325-334  532 
waveforms,  278-280. 2784  27 94  2804  325  -  326 
Auditory  evoked  potentials  (AEPs) 
and  Impulse  noise.  331 
in  tinnitus.  277-281 
Auditory  fatigue  259-266 
high<  vi  low  level  defined.  266 
low  level,  263-266 
and  outer  halt  cells.  266 
short  term.  264 

and  sound  pressure  level.  260-  266 
type  I  and  type  H  fatigue.  266 
Auditory  hazard 
estimating.  456. 461 

Importance  of  rating  319-358,  361-371 
Auditory  listening  bands  See  also  Bandwidth* 
and  cognitive  factors,  304-309 
and  impulse  noise,  361-571 
Auditory  nerve 
and  action  potentials.  141 
auditory  nervous  sy  ’em,  303 
and  central  rwivow  system,  130- 131 
and  compound  action  potential,  15 
degeneration,  132-134 

dysfunction  as  component  of  temporary  and  permanent 
threshold  shifts,  67 

and  enhancement  phenomenon  162,  176 
Intense  sound  aid  kynureitfc  acid,  394  415 
loss  of  unmyelinated  portion  of  radial  afferent*,  66 
nerve  fibers  Innervating  basal  and  apical  turns  of  cochlea, 

60 

and  organ  of  Com,  132 
and  radioactive  labeling  34 
survival  of,  131 

and  electrical  stimulation.  138, 141. 
and  inner  hair  cells,  132- 133 
synapse  between  hair  ceils  and  auditory  nerve,  197- 198, 
200 

Axolotl  lateral  tine  206 
Axotomy.  and  heat  shock  proteins  33 
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Bandwidth.  293.  294  See  also  Auditory  listening  binds, 
ind  active  attenuation  system,  390 
and  active  noise  reduction  (ANR),  399 
cognitive  factors  and  selection  of,  301-309 
frequency  ratios,  305 

impulse  poise.  337  See  ako  Impulse  noise, 
of  masking  level  differences.  293-294 
measuring  of.  305, 354 
narrow,  and  wide  band 
duenmation,  295-296. 337-338 
effect  of  increasing  center  frequency. 361, 363- 364, 36f  / 
measuring.  365-366 
role  of  attention,  making,  305-306 
and  spectrum  calculation.  352 
Basal  turns  See  Turns,  basal  apical 
Basilar  membrane 

and  acoustic  overstimulation.  70. 84*.  81-85, 85/  109/ 
1100  88.209/ 

amplitude,  and  thresholds*  hearing  curve.  316 
baseline,  changes  In  H3<  U4 
and  cellular  vibration.  6. 6/ 
of  haU  cells.  3  6ce  a/so  Hair  cells 
ratio  of  basilar  membrane  vibration  amplitude  to  outer 
hair  cell  vibration  amplitude.  9, 9/ 
changes  from  outer  hiir  cell  turgor,  112 
and  cispiatin.  177 
comprevsive  behavior  of.  1 10/ 
damage  to.  132/ 
damping  neighboring  regions.  94 
and 'DC  shift*  phenomenon.  112.  112/  113f.  113 / 

direct  measurement  of,  1 1 

displacement  of.  84/  85-86,  108. 109/  110/ 

epithelium  of.  210/ 

frequency-dependent  biat(Lc  PagcX  15, 114  119 

hair  cell  loss,  211/  213/ 

and  impulse  noise.  318 

increased  K\  2< 

lesion  on.  125.  127 

and  nonlinear  compression.  110-111 

passive  response.  90 

pressure-induced  displacement  of.  25-26 

and  sensitive  period,  198 

and  spectrum  calculations.  352 

and  temporary  threshold  shift.  262,  3 16,  319 

variability,  model  of.  113/  1131 

vibration  amplitude,  6-"»  6/  7/  8/  9. 107  1 09/ 

B6k6sy  audiometry 

in  evaluation  of  hearing  protector  attenuation.  402-403. 

517 

and  studies  of  temporary  threshold  shift,  361.  362-  363 
trading  method,  261/ 

BES  5cr  Brain  stem  electrical  stimulations  (BES). 

Bells  palsy,  490 

BetahistA  for  treatment  of  tinnitus.  273 
Biraodal  audiometnc  configuration,  242-243 
Biochemical  processes  of  noee  induced  hearing  less,  28-36 
analyses  of  inconsistency  in.  31 
branching  from  ana*onuc  and  physiologic  studies.  31 
proteins  as  molecular  curlers,  28,  29r 
Birds,  hair  cell  regeneration  in.  201-224,  228-235 
cytoplasm  of.  219 

migration  of  immature  ceils  from  basilar  membrane  toward 
lummal  surface,  219,  220/ 

Bone 

conduction  lack  of  ui  evaluations  on  artificial  head  401 
of  ear  c«nal,  lift 
temporal  3-4  131.  140/ 

Border  cells.  211  213/214 
Cram  tern 

and  crossed  olivocochlear  bundle.  415  4  29  43i 
electrical  stimulation  (BES),  protective  effects  of,  429-431 
434 

lower  brain  stem  'reflex  *  4  40 
andM.  429.  431  4 S3  433/ 
structures.  63-61  64*  lil 
surface  of  424  424 i 


Brain-stem  electrical  stimulauon  (BES) 
antidromic,  433 
bipolar,  429 

delay  experiments.  432-434, 433/ 
effects  of  hexamethomum,  432 
N1  audiograms.  434 
orthodromic,  433 

protective  effects  of  415, 424, 424/  429-431,  130/ 
and  lesioned  area,  431-431. 433 /  440 
memory  component  of,  432-433 
and  tunc  component.  432-433, 433/ 

Bulla 

examination  of  after  w  eapon  noise  exposure  (guinea  pigs), 
326 

opened,  for  view  of  middle  car  (cat»X  423 

and  sound  pressure  (caw\  81 

In  tests  of  evoked  response  (chinchiUasX  157 

Cl,  changes  in,  30( 

Ca**,  nimodipinc  as  Ca1*  channel  anaugonlst.  42-43 
Cancellation 

active  noise.  389  See  al'O  Active  noise  reduction. 

and  cubic  difference  tone,  93 

and  noise  active  reduction  technology  (ANR),  389 

phenomenon.  112, 112/ 

techniques,  for  hearing  protection  devices,  389 

wave.  389-  390 

Cannons,  damage  from.  327. 327t  See  also  Weapons,  damage 
from. 

CAP  See  Compound  action  potential 
Capacitativc  probe  technique.  107 
Carbon  disulfide,  interaction  with  noise  and  drugs.  175,  181 
Carbon  monoxide.  Interaction  with  noise  and  drugs.  175 
181-185 

cDNA  clones,  isolation  of.  34 

Cells  5oe  ako  Hair  cells.  Inner  hair  cells.  Outer  hair  cells.  Hair 
cell  toss. 

amplitude  of  vibration.  3-6 
compared  with  malleus  amplitude  of  vibration  t  si 
ATP.  24.  30/31 
ATP/ADP  ratio,  31 

ATP-dependcnt  cells  and  quinine.  42 
•birth  date’  of.  205 
border.  211,213/  214 
changes  in  from  cochlear  ablation.  131 
deterioration  of.  4. 29/,  30/  epithelial  207,  209/  219 
force  generating  mechanism.  24 
in  outer  hair  cells  (OHCsX  24-25 

glul.33 

of  cochlear  nucleus,  131,  133/ 
hair  cells  Sec  Hair  cells.  Hair  cell  loss,  inner  hair  cells. 

Outer  hair  cells 

Hcnsen’s.  X  6/  6. 9  (Sec  ako  lienscn's  cells ) 

length,  changes  tn.  24  108,  108/ 

measuring  cell  damage  in  heanng  loss,  29.  29/,  30/  •*3-87 

membrane,  electrical  properties  of  11-12 

metabolic  changes,  1 39 

motility  of.  2-t 

nucleus,  209/ 

phalangeal  scar  of,  69/ 

precursor  cells,  identification  of  (chicks),  206-207 
receptor,  223-  224 
reduction  in  cell  sue,  131,  139 
repair,  and  heat  shock  protein,  32-3) 
reticular  lamina  6  31, 69/ 
size  141 
ui  nucleus,  l  )5i 

spiral  ganglion,  changes  and  degeneration  of  28-  29  Y> 

130  132-133.  132/  204  214  2P.233  193  See’ 
ako  Spiral  ganglion  cells, 
and  radioactive  labeling  34 
support  cells  ( clucks)  20s-  20T  207/  21 1 
'oJugc-depcrdcnt  moveraem  of  25 
CEN  Sec  European  Economic  Community 
OEMIEC  See  European  Economic  Community 
Central  auditory  neurons  132  132/  133/ 
eflec-v*  of  loud  sounds  on,  1 19 
thrc>hold  losses,  119 
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Central  auditory  pathw*ay,pathologIc  changes  after  acoustic 
trauma,  1  $6-170 

Central  auditory  temporal  processing.  146-15$ 
cochlea's  influence  on  state  of,  153 
diminished  ability  to  discriminate,  15$ 
and  factors  involving  cochlea.  152 
integration  as  Index  of  central  processing.  146 
Central  nervous  system 

changes  induced  by  deafness  130-143,  156, 490 
in  neonate,  1$1 
and  regenerated  hair  cells,  218 
Channel  interaction,  130 
Characteristic  frequency  (CF)  108, 1094  1 10C 114 
after  acoustic  trauma.  45-47, 83-87, 163 
and  cochlear  nucleus,  166 

growth  function  of  vibration,  nonlinearity  of.  53. 107 
inhibitory  sidebands  above  and  below  CF,  167/ 
loss  of  drive  from  CF  region,  121, 122/ 
loss  of  sensitivity,  53C  119-127 
and  missing  hair  cells,  74. 80/ 
neural  and  mechanical  sensitivity  near.  49-50 
in  noise-aged  gerbiK  249, 253, 253 / 
and  nonlinear  behavior,  107 
pee-  and  posts' imulus.  165/ 
and  puretooc  CF  stimulus,  49.  5I£  5$.  73-87 
In  quiet  aged  gertxls.  247, 218/,  249 
stimulus  at  CF  of  neuron.  55 
and  stimulus  level.  74, 76/  80/ 
suppressor  tone  at  low-frequency  tail.  55 
tonotopic  progression  with  caudal  placement  of  electrode, 
121 

two  tone  suppression  above  CF,  55.  2  49 
and  two-tone  suppression  Jamming  high  frequency  receptor 
current.  53 
Cholinergic  Input,  61 
Cingulum.  69/ 

Circuouural  test  device,  382,  $39 
pure  tone,  use  of.  $82 
recreation  earphones,  $81.  $84/ 

C*splatin 

hair  cell  loss,  l"6-177, 179, 181/ 

Interaction  with  noise  and  other  drugs,  175- 1^7, 176C 
177/  178/  1-9.  179/ 
and  loop  diuretics.  1 76 

Gbci-evoledotoncoustic  emission  (CEOAEsX  92-9$.  101. 
107 

Close  system  exposure  ( rabbits X  470,  47i£  472. 4-  V 
pre-  and  post  exposure.  471-472 
and  threshold  loss,  472 
Cochlea.  $-10 
acoustic  power  entering.  8$t 
amplification,  loss  of,  51  51/ 
avian.  204-224.  228-254 

basal  and  apical  turns  of,  60- "0  108, 108£  445-454 
tusdar  membrane  of.  $.64  7- io,  25.  210C  21$/ 
bilateral  symmetric  cochlear  losses.  29$ 
biochemical  analysts  of,  28- $6 
blorting  view  of  manubnura  of  milieus.  5 
of  cats.  86 

damage  to.  106-114.  204-224,  29$,  $50- $55 
and  carbon  disulfide,  184 
and  carbon  monoxide  184 
and  premature  buth,  188,  204 
rest. effectsot  445-455  464,  5$2  See  also 
Ini  eminence,  Rest 
and  salicylates.  181 

and  weapon  noise  (guinea  pigs).  326- $$0.  527r,  328r, 
$2 94  $$0t,  $3 It 

destruction.  4$  5-  »$5  4$5/$.r  also  Contralateral  cochlear 
destruction 

developmental  changes  and  sensitivity,  !97-200 
of  different  species,  84 
drug  sensitivity  of.  9$ 

efferent  pathways  to  cochlea,  protective  function  of. 

401-411  415-420  423-427,429-442  490  496 
encoding  mcchj'Vwms  in  (mammalian).  6l 
vO'vmes  in  cocbkar  tissue  after  noise  exposure,  $ l 


epithelium  after  noise  exposure.  2094  22$ 
fcul.  200 

fluid  filled  compartments  of,  11 
fluid  In.  analysis  of  after  noise  exposure.  JO t 
and  damping  effect.  490 
frequency  selectivity  of  receptors.  15 
role  of  tectorial  membrane,  2$ 
frequency-place  map  for  mammalian  cochlea.  113/ 
get  bits,  physiologic  and  histopathologic  changes  in. 
246-255 

hair  cells  of.  3-10,  228-235, 25.  25$/5cc  also  Miar  c  Is. 
Inner  hair  cells;  Outer  hah  .cUs. 
capacitativc  electrical  properties  of,  1 1 
changes  in  after  noise  exposure,  30t,  209/ 
complexity  of  tuning:  15 
dcscnsitizatlon  of.  12, 24-25 
Intracellular  data  from  Inner  and  outer  cells,  12 
K*  leaving  hair  cells  42 
length  changes  24. 108, 108/ 
memory  of,  12 

motile  properties  of,  II,  24, 31 
fast,  opposing  viscous  damping.  24. 49 
slow  (tonic)  and  force  generation  of  outer  hair  cell.  24 
oscillation,  role  In  transduction,  49 
responses  to  tone,  12-13, 14/ 
transducer  conductance  of.  11,  25  32 
tuning  of.  15, 47. 90.98. 156 
impairment  of  and  white  noise,  188 
Increased  oxygen  supply  to,  18  4 
insult.  1 1 

intracochlear  stimulation  (electrical  X  I  $7. 137/ 
and  lonaraycin  administration.  228-234 
lactate  dehydrogenase,  release  of  during  injury,  29 
lesions  of.  123-124,  1264  182, 196-197,  29$ 
loss  factors  within.  $51.  352.  357 
loss  of  nonlinear  properties  of,  20.  22/ 
maturation  of.  200-201 

mechanical  analysis  of  guinea  pigs.  3- 10.  38-39 
mechanics  of.  measuring.  98- 10$ 
mcchanotransducers  and,  25.  32 
molecular  events  in  hearing  loss,  28- $6,  294  30/.  $4 
morphologic  and  physiologic  changes  in  hearing  loss,  28, 
294  304  106-114 
nerve  fibers.  297 

neural  sensitivity  in  processing  and  representation  of 
frequency  in 

primary  auditory  cortex,  119-127 
nonlinear  behavior  in.  11, 5$,  98,  102,  107 
outer  hair  cells  and,  98 

nucleus.  1$1, 135.  1334  1354  157  $.-e  iho  Cochlear 
nucleus 

overstimulation  In,  60-70,  415-420  See  a/so  Acoustical 
stimulation  or  trauma.  Industrial  noise.  Occupational 
noise,  Ovcrs'imulation.  Noise  exposure.  Noise 
trauma 

peripheral  receptor  array,  1 2$ 

prosthesis,  1$1-1$2,  1 3  If  See  abo  Prosthesis,  cochlear 

regen  era  led  (cfucisX  204-225 

and  response  to  high  frequency  acoustic  stimulation,  11,6$ 
6»,  69-70,  74, 98,  lO’’ 
and  crsplatin.  177 

rest  from  noise  exposure  ( chinch iUas\  441- 151 
sensitive  developmental  period.  196-200 
sensitivity  112  156 
neural  119-127 
total  loss  of;  57,  57/ 
stiff  stereocilia  2$,  $2 

stimulation  frequency  and  damage,  86,  215-219 
stria,  loss  of.  249 

structural  changes  from  acoustic  trauma,  415-420 
tones,  reponsc  to  45 

transmission  of  acoustic  stimulus  from  eardrum.  81 

transverse  section  (avianX  208 f 

trauma  to  5$  55 

tuning  IT  92  156  168 

vibratory  response  of,  $- 10  4'’,  48 4  49 

viewed  with  optical  sectioning  microscope  $-4 
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Cochlea  ( Continued) 
viscous  damping  forces  in.  II,  49 

tectorial  membrane  (TM)  and.  23 
Gxhlcar  amph6er/second  filter  (Gold's  hypothesis) 
putative  biologic*  processes,  3 1 
and  saturated  level  of  otoacoustlc  emissions,  90 
Cochlear  degeneration,  during  development,  168  See  also 
Cochlea,  damage  to. 

Cochlear  duct  Sen  Duct,  cochlear. 

Cochlear  factors 

cochlear  mechanics  and  mtcronxchanics,  84-85, 98, 
98-103. 106-  II  i 

hysteresis  in.  106- 114  *lso  Hysteresis, 

efferent  feedback,  84 

Uck  of  (ca«X  425 
hneanty  vs.  nonlinearity,  98. 107 
Cochlear  function,  determining,  100-101, 106-114 
Cochlear  implant,  1J8, 14l,  141/ 

Cochlear  loss,  293  5ee  also  Hearing,  loss  of.  Cochlea. 
Cochlear  nucleus,  131,  133. 1334  158 
amplitude  fevt*  funaion.  159, 163, 168- 169 
anterovcntral  (AVCNX  133.  163. 166 
cave,  424/ 
ceil  sire  In.  135/ 

and  central  frequency  (CFX  166-167 
and  discharge  rate  level  functions.  167,  1674  169 
enhancement  mechanisms  and.  168-169 
ventral,  133/ 

Cochlear  partition.  H3t 
and  damping.  71, 89, 98.  490 
displacement  of.  1 1,  174  23 
generating  nocw-mduccvl  hearing  loss  in.  457-458 
hair  loss  along,  156 
motion  of.  98-99,  111 
possibility  of  permanent  remapping  of.  114 
and  loss  of  outer  hair  cells,  1 14. 157 
tuning  properties  of  hair  celt*  In.  *5. 16/  17/  98. 112/ 
vibration  of.  1 1 
Coc  ideogram 
and  dsplatln.  P7 

cytocochlcograms  of  hair  cell  loss,  614  624  654  180/.  183/ 
of  different  species  exposed  to  overstimulation.  74. 774  784 
794  82 

in  noise  aged  gerbds,  254/ 
in  quiet  aged  gerbds,  248/ 
and  salicylate  administration.  1804  1824  183/ 
w  tests  of  evoked  potential 
In  chinchillas.  157 
in  gerbds  255 
Cognitive  factors 
in  bandwidth  selection.  301-309 
and  frequency  uncertainty,  301-506,  3064  309 

Osllicus.  121 

and  cbplatin.  176 
electrodes  U,  150, 150 / 

and  evoked  response  amplitude.  158-159,  1594  168- 169 
inferior,  135.  150,  157,  162 
and  temporary  threshold  shift.  410 
katumyctn  and  cthacrynic  acid,  effects  of.  1 36/ 
nonnalucd  amplitude-level  functions  from.  160/ 
and  temporal  integration  with  electrical  stimulation.  152 
Canute  ‘Brwts  dArmc s*  work  o4  515. 515c  517,  517< 
Compound  action  potential  (CAP),  15.  73. 81 
amplitude  Jevd  function  of  159,162  168 
amplitude  reduction  of,  418 
compared  with  primary  response  (gutnc'  mgs),  326 
in  determining  loss  of  neural  sensitivity,  10’’ 
and  rthacrynic  acid  (guinea  pigsX  189- 190. 1904  192/ 
and  hearing  thresholds,  4164  417  417/ 
gerbds.  216-247,  247/ 
guinea  pigs.  457 
and  isoamphtude  15 
and  kynurenate,  38,  59/ 
losses  1204  123 
of  CAP  thresholds.  123 
N1  compound  of  429 


of  noise-aged  gerbds,  2524  253 / 
and  perfusion  of  perilymph.  416, 4 16/ 
of  quiet  aged  gerbds,  246-247. 248/  249 
and  salicylates.  38-40 

and  threshold  shifts,  74. 120, 416/  417. 4174  418/  425 
weapon  noise.  326-  327  See  also  Weapons. 

Compound  threshold  shift  (CTSX  458 
funaion  of  recovery  time,  462 
recovety  of.  459, 463, 463 / 

Compression 

basilar  membrane  and,  1094  110 
compression  aids,  308 
in  growth  of  organ  vibration,  50 
less  compressive  growth  of  with  stimulus  level,  49-50 
nonlinear.  1084  U0 
decrease  In.  107 
Computer  use 
in  future  hearing  aids,  308 
UP  computet  (for  speech  proccssingX  308 
for  measuring  speech  Intelligibility,  392 
for  simulation  of  auditory  damage  of  cochlea,  279 
Condualve  path,  351 
Continuous  tone 
and  detection  threshold.  151 
and  perdymph  perfusion  in  experimental  animals,  416 
and  stimulation  superscnsitMty.  150. 1514  152 
Contralateral  acoustic  stimulation  (CAS\  434-435,  135/ 

comparison  with  contralateral  cochlear  destruction. 
439-440 

and  lower  brain-stem  *rcdcx.*  440 
persistence  of  protection.  439-4(1 
and  temporary  threshold  shift,  438-439,  439/ 
time  course  of.  436 

Contralateral  cochlear  dcstiuaion  (CCDX  434-436.  435/ 
central  taciliutory  effects  of,  438.  438/ 
comparison  with  contralateral  acoustic  stimulation, 
439-440 

persistence  of  protection,  440-4(1 
and  temporary  threshold  shift,  438-  439.  439/ 
time  course  of.  436 
Corn,  organ  c <  6-7,  74 
and  auditory  nerve  survival  132 
and  basilar  membrane.  9,  10,  85,  85/ 
cell  death  in.  29t 
and  cisplatui.  177 
damage  to,  106 
drug  induced.  132-133 
protection  agamic  415 
weapon  noise  (guinea  pigsX  326 
displacement  of,  50 
hijji  frequency  portion  of  (micvX  197 
and  high  sound  pressure  levels,  12.  110 
and  auditory  fatigue,  260 
and  weapons,  325 
measurement  of  vibration  and,  10 
mechanical  response  of  to  stimuli  in  tip  region  of  tuning 
curve,  49 

moleculai  change  in  during  hearing  loss,  29r.  30/ 
and  noise  Induced  damage,  68  6 9f,  81  237,  447 
outer  hair  cell,  forces  applied  by,  49 
proteins,  changes  in  during  noise  induced  heanng  loss,  28, 
29r,  30i 
schema  of,  85/ 
sites 

for  low  level  noise  induced  hearing  loss,  244  30/ 
of  two-tone  interaction.  55 
and  spontaneous  otoacoustic  emissions,  101 
iramncural  damage,  29r 
vibration  ot  »7,  48/ 

direct  measurement  of  before  and  after  acoustic  trauma. 
484  49 

at  peak  of  travel  wave,  55 
Cranial  nerve,  effect  of  noise  on,  55-57  *19—  1 2 1 
Crossed  olivocochlear  bundle  3ce  Olivocochlear  efferent 
bundle  crossed. 

CS,  vVe  Carbon  disulfide 
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Cubic  d£irrcncc  tone  (COT).  91 
OKribixa  ItvcS  cf  and  ocmonxc  furi’Wffl.  W 
*i  noour  of  change*  in  bcm^.  95 
CDOJodaxm; 

and  xtOaoty  procc»cg  cf  speech.  307-309 
fcomc.305  307 

paav307 
relative  cues,  307 
vsual,  307-309 
Cieiatoptoc 

anil) -us  cf  tor  ass •aung  cochlear  haJojuSwIogr,  31 
pcTTi-rtmxM  of  a.*J  fused  sterrotifca.  664  68/ 

OC  s;  liable*.  286-287. 286C  287/  290, 290/5of  a*o  Vowd 
rccognroon;  S)tt*sc  count. 

CjlddubsM 

and  actm  potj-menmnon.  40 
interaction  »nh  incense  sound.  30-40. 40/ 

Cjtotcrabn.  67-68 

D -duration 

definition  oC  316-317.  31V 
in  nwpomk  321. 32lt  514-515. 515 / 

Damage  risk 

and  A  weighting.  316. 320. 3224  32*  349. 389. 514 
octasc  band  spectra.  312/ 
and  acoustic  mxjdk-car  reflex.  315-316,  429. 500 
animal  studies.  318-320 

contours  based  on  temporary  threuxaM  shift.  314-316, 
3154  316 

and  &5ercK  defimuoea  ot  impulse  nose.  514-51'.  515/ 
frequency -dependent  weighting  fanuoa*.  3*3-323. 389 
frost  Aduraboa  319 
predating.  M6-J17 

low-frequency  impube  noise.  J 1 3- 325. 36l-3Tl 
recreational  earphones  384-  **»5 
rest,  effects  ot  445-455  5*2  See  abo  Rest.  Inrcnmitencc 
from  weapon  notse.  322.  3224  334. 513-519 
Damping  forces 

cocKcar  (petition)  damping.  “4. 39. 98 
and  changes  in  position  d  hair  cdl  damage.  "4 
forces  opposing.  24. 49 
Mirsenne’s  first  lass-,  l  X4 
and  otoacoustic  emission  (O  vEs),  89-90 
reduction  of  in  outer  hair  cells.  55 
viscous  damping  by  cochlear  fluids.  490 
DC 

ACJDC  ratio  20.23/ 

component.  11-13.  164  174  18.  108.  110/ 
decrease  at  highest  sound  pressure  levels,  18 
increase  in  at  low  sound  pressure  loeb.  18 
displacement reponses,  10*.  1104  111 
resersalhifjvfrcquene)  112  112/ 
shift,  1094  1124  113/ 

Decercbration 

and  lower  brain  stem  ’reflex,*  440 
and  temporary  threshold  shits,  440 
Dental  treatment,  cause  of  tinnitus.  274 
Department  of  Defense  524-525 
Depression,  and  tuuuus.  273 

Depression,  of  acoustic  reflex  See  Acoustic  reflex,  depression. 

exercise  Induced 
Detcct-Niity  (<T)  30 i 
Diction <c  s. tuitions  (Xc£pi)  796 
Diotic  situations  (N0S0)  296  299 
DtpUcusts.  defin  tion.  45 

Direction  da  Armcttma  TenrMa  (OJ4T\  wort,  of  51 3 
Discrimination  point  ( DPX  28' 

Distortion-product  oracoostic  emissions.  91  99-101. 
2P-218,  218/ 

compared  to  evoked  potential  threshold  218  218/ 
detection  thresholds,  100 
for  determining  cochlear  function 
in  chicks,  217,  21“/ 
inhuman*  10C-lftt 
and  Mini  ere  »  disease,  iOC 
and  outer  h.rf  cells  101 


Oxrctia  txpiohfc&q:  17ft.  185  5cr  d*a  IZucrymc  acid. 
FuftttCSgdC 
nd  ospbem.  X“6 

aodpc<OBCigionc4aaoo|3yop»ids.  189 
DTft.  iocorpofjcioo  «f  tbyndar  **».  205-20“,  26“/ 
Lharopdiz.  and  beat  shade  prefers.  32 

92.  *35.175-185  193-19*. 204-205. 

22*- 235  See  Jbo  C*-Ux£±akt,  TAtacrrcic  add. 
liafothaae;  Hataarort  Kroarcmc  addt 
QursrscSaijC)te« 

2od  acoustic  reflex.  501 

apical  aod  haul  mm.  rflSects  <4  ctooxuc  <tv&  00. 60 
and  rfcctncafly-outoJ  oUflc  becncy  ropewe  135.  *36/ 
cCucrrmc  aid  132. 18*- 189.  W5cra!»D*rtticg 
loopUiiiftOg 

Firoscowdc  91 5cr  2^0  VHjccuc*.  foc^MxSbog. 
hafcxharac.  93 

Mumcuon  with  noeve  and  ocher  agerxs.  cflects  d,  175-1*5 
kaaamjoo.  132. 229-230. 2.W 
Kctace*.  93 

molecular  changes  dunor,  34 
Nembutal.  93 
Dfrdpoc.43 

aod  organ  of  Coni  132-133 

and  otoooousbc  cicrvuoos.  93-94 

and  premarure  babies,  201 

and  protection  of  hear  shodc  proccwn,  '3 

stwoulants.  aod  cochlear  danuge.  38 

and  structural  damage  of  coddca.  28. 3*  56 

sjmetpvn  among.  IRA-189 

vxanum.  38 

Ear  canal 

acoustic  mcasuranen  s  m.  317 
cf  attenuabon.  401 

acoustic  signal*  aSccbd  by  crossed  olivocochlear  eflerenc 
fibers.  98. 420 

bony,  sound  pressure  ampirude.  4  -5. 4 1 
mechanical  energy  recorded  in.  24 
sound  pressure  fauerfereocc  91 
variability  In.  468/ 
f  ar  inner 

damage.  201-224.  313 
degeneration,  spontaneous.  568 
homcosuse,  changes  m.  141 
and  otoacoustic  emissions.  89-90.  216-217 
regctKfaboc  of  hair  cdfc  la  223 
FAR  earplugs  See  Earmuffs.  earplugs,  EAR  earplugs 
Ear.  external 

and  microphone  measuring  techniques.  402 
as  resonator,  *<0  500 
transfer  ftmet  on  of  *61 
Ear  infection 

and  distortiorcprodixl  otoacoustic  emissions.  100 
source  of  variability  of  no*>c  induced  permanent  threshold 
shift.  468r 
Ear  middle 

acoustic  nuddlc-car  reflex.  315.  316  429  454  500 
ammotic  fluid  in.  201 

consequences  of  acoustic  overstimulation.  73  See  also 
Acoustic  stimulation  and  tnuma.  Noise  exposure 
damage  from  weapon  none  (guinea  pigs)  326  32“.  32“f 
428,  328/.  429  329r  330.  330t  331  331/ 
cjtnmJxo  after  weapon  noise  expeta-xe  <  guinea  pigs  y  325 
ind  Wgh  sound  pressure  levels,  355 
imp.-dancc  500 
lineantv,  nonlinearity  3*X»,  455 
•r>u<ci c  jottrs  150  419  423 
and  protection  torn  noise  trauma.  490  492 
normal  function  cc  and  otoacoustic  smivuort  reduction  91 
transfer  function  of,  74  81.  364  500 
and  trammtsstoiA  of  energy  to  eoc.lea  350 
and  nbratorv  response.  5 
Eardrum 

and  active  nose  rejection.  3 VO-  391 
hemorrhage  of.  *2< 

movemert  through  middle  ear  ossicle*  4“ 
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energy  ia,  24 

Earnntfs,  cxfbp  SccJbo  Motif  ptwcwa  Crricc* 
acd  xtwac  toi  fauccMTF^  5*6.  *11 
aoo-cacit.*.  389-383  3*2/  3*9-390. 400-411 
onwant  >90 
otwdirt.  38?.  392 
dKcrua  of  xxnt  3"*->"9 
EUt  cv^ogs.  392.  -*0—  5!«  51“  51“/ 
triuccs.  *01-411 

temj  peoccdwo  aod  ccsw.  381-3*1  586  516.516/' 
CtNTtNDOt  arpb^  51“  51*/ 

JXfXUM  crpfap  51“  51“/ 
taicarrooBc  516  5l6t  52*  5rr.iNo>fci*ar.  «tjc 
ittsted* 

cacfophooo.  BSC  o(.  *02 

ttXM-  redbctioa  389-390. 516.  516/ 

aa*  pcrcxmcnc  threshold  tUl  proccttioa  zgzxnt.  5|6 

photograph  otarpSap.  516/ 

ralor  acowauoa.  3""— 3*9. 3“*£  **9/ 

seal  402 

'oaxJ6rid  iv  pure-tooe  carj4wac  ancnuun  582/ 
joJ  speech  inmansoa  index  (Ml  l  51“/ 

Echo.  191 

cochlear.  uiornax  oL  299 
suppression.  299 

Efferent  patftwars  to  cochlea.  prtwcctnc  function  ©t 

491-411. 419-420. 423-*2“.  429-4*2. 490. 496 
!«2=5ct!mc=5.  cff«tscC  *52 
as mediator  *3/  change  « todila  49“ 
myrfxwie.  effect*  ot  431  490 
and  (hohoU  sh*s  4*0  439/  431 
tGTV.  effect  or.  cndocoddcar  potmuiL  23.  43 
FJeciiacaJ  upj;  **>  sound  »wn 
ddci¥ffitf!*vi  £r cm  xoinic  output.  importance  oc  *“0 
and  j*«  o /  ac-sanc  xrul  4 
rote  m  studies  «/  impulse  new.  361-3“! 

Ekxtncai  stcaulauon.  beam  Mem  fbt>>  <cr  BraarvMcm 
electrical  ManuLann  (BE5) 

DcctnolhwAnl  middle  Uttno  response  1 35  1 35/  1 3$£ 
136/  1-.“  13“/ 
neural  *.tiv«y  after  141 
«n  ototoxic.Ih -deafened  guinea  p^v  1 3“ 
anti  «pml  p»g)io»  %d1  demm  13* 

BftuocotUcopipJn.  wot  *3.  41“  45”- 458 
Electroencephalogram  (EEG)  and  UMrtu*.  ?“* 
HcdrophwMt.  ov  it  idtrttrfnng  cochkar  proteins.  28.  33 
34-36 

Embryo 

hair  sell  change*  in.  214.  228 
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A  weighted.  364  *<9  514.  5I’T  532 
Equal  Energy  Principle  fEEPX  456-465 
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218/ 
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99-101  2I“— 218  218/ 
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Fatigue  failure.  86 

Federal  Aviation  Administration  (FAA)  525 
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Filter  fixed  auditor)  305-  306  306/ 

Fimbnn.  in  damaged  stereoolu  core  31-32 
Flung  situations 

and  Federal  Aviation  Administration  <  FAA  >  525 
and  hearing  protector  devices  .398-399  40*  108 
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function  0/  36»-3“I 
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301-305 

and  circunuufil  test  devices  382-  38  *  389 
cross-correlation  function  of  stimulus  as  joint  function  <4 
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effect  of  increasing  center  frequency  363-36* 
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frequency  tJrobott  curve  (FJ’.C)  See  Fmjjaxr  threshold 
cune{FTC). 

tjoakn  cC  '<  160,  *61-371 
highfrcqwncy,  2S5. 299. 315-  350. 446-447 
and  middled*  macks.  490 
and  resouncc  to  ccxsc  exposure.  478- 479 
of  tapubc  oo^r.  333-334. 361-31’ 
cam jw-bood.  363-371 

md  permanent  2nd  temporary  threshold  shdu,  314-316 
fonfrcquency.  350. 356, 446-447 
and  actne  noee  redoaioa,  389 
dnesge  mk  for  lw«qtwxy  impulse  Done.  313-323 
loss  <*230. 298-299 
transdoctrai  change*.  57 

measuring.  294. 295  5cr  abo  Audiogram;  Cocblcogram. 
mdfrcqoency  5ce  abo  Frequency.  center.  eaatan  equal 
asymptotic  threshold  shft 
COMMIT  »  faocticw  c£ 

and  permanent  2nd  icsifvxu)'  llvohoid  shifts,  314-316 
sensitivity  oC  349 
and  cfofocu  ousde*.  .350-351 
pattern  of  bearing  loss  (avian)  215—219. 229-230 
2nd  nocsc-induccd  kMom,  471 
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aad  permanent  threshold  shdt,  459 
cun*.  JC5 

representation.  in  basilar  papilla.  234 
and  romance  to  noise  exposure.  478— *79 
Klcaniij'.ofwlitoi)  cortex  neurons.  119-120 
stimuli,  detecting.  624  63 
target,  crfvunmg.  305-J06, 3064 
threshold  shifts  as  fcoctaoo  of,  4604  489 
transduction  changes  in  fo* -frequency  regions.  57 
uncertainty,  303-306.  3064  309 
maximum.  305 

upper  cuioB  frequency,  median  equal  asymptotic  shift  as 
function  oC  363.  3634 

Frequency'  threshold  cunt  (FTC).  45-47. 464  484  56, 
106-107 

of  apeal  and  basal  outer  hair  cell  tarns,  e-  -6l.  62t  1084 
and  disruption  cf  transmiuer  release.  56 
drop  m  mechanical  sensitivity  of  50-51 
for  Single  primary  afferent  neurones  (cats)  464 
Frequence-specific  losses 
effect  on  cochlear  neural  sensitivity,  119-12"’ 
and  hair  ceil  regeneration  218 
after  kanamycm  adtmms ration  ( avian X  229-  230 
in  tinnitus.  272-  273 

Fnedlandcr  waveform  See  Waveform,  Fnedlander 
Fundamental  compoixcAs  15.  18 
input-output  functions  for,  194 
phase  change  in,  224 
stability  durmg  prorauma  period,  18.  51 

Gauss 

Gaussian  function.  365 
Gaussian  random  none,  298 
Gtftdcr 

factor  In  notse-induced  hearing  lovs.  476 
factor  In  tinnitus.  2 "I,  2"»5 
and  loudness  contours,  367.  3694 
speakers  doing  audiomctnc  testing.  282.  285-  289,  2874 
2884  2894  291 

and  susceptibility  to  no*se  induced  hearing  loss,  500 
Gentamicin 

wih  cthacrymc  add,  190. 1914  192-193  1924 
and  ooled  potential  threshold  (clicks).  214-218,2154 
and  hair  cell  loss  (chicfcsX  201-205,  214,  2204  221< 
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31 

Glycoproteins 

after  hair  ceil  loss  (proteins  2"*  kD  and  37kD»  M 
peptide  mapping  stud  c*  VI- 35 
Growth  mcdurucal  after  trauma.  484  52 
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earplugs. 

Gees  See  Teapots. 

Ilair  cdl  loss  Scczbo  lLur  cdb;  Outer  ha*  cell;  laxr  hair 
cdt 

and  afferent  oevrons,  65. 66. 664 
u  apical  is  basal  turn  (chmcbaas).  445 
and  carbon  cacooxide.  184 
andosphno,  176 
aloog  cochlear  partiboa.  156 

as  fanruoo  of  frequency.  157. 1584  l6045ecafco  llatr  cdb, 
loss  ot 

and  gfotamatc  neurotoxicity.  198 
in  mid  and  apical  ceSs,  2534 
of  nossc-agcd  gcrbfls,  249 
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regeneration  of  (asian) 204  -224, 228-235 
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vs.  long  hair  cdb,  2 1 4 
of  regenerated  cdb  (ducts  X  219 
and  sound  pressure,  spectral  analysts  <*  357 
Ilair  cdb 

and  ammogjicosidc  ototoxicity,  228-235 

and  auditory' fafrptc.  266 

and  auditory  nene  survival.  133 

and  basilar  membrane  vibratiORS.  relationship  between.  6, 
8494 

basilar  papilla.  233 

from  ototoxic  drugs,  34. 176. 228-  235 
from  overstimulation,  "'4. 804  81 
shift  ot  "*4 

dcstructioc  and  spiral  ganglion  cdb,  133. 204. 214  233 
253. 2534 

energy  requirement  of  out  hair  cdb  for  forces  in  synchrony 
with  vibration.  49 
excitatory  potentials  oC  1 1 
immature.  2204 

inner  hair  cdl  (IHC)  See  also  Inna  hai*  cdK 
A  CDC  and  f,4z  ratios,  20  234 
change-  in,  30r 
loss  of,  198 

receptor  potentials  generated  15, 18. 184  194  224 
response  to  tone.  14<  15. 18. 184  20  224 
intracellular  recording  of  responses  from,  12-13 
lessons  cf.  74. 106.  168 
linear  response.  20 
loss  of.  157-158.  1584  198 
aloag  cochlear  partition,  156 

effects  o4  61. 6l4. 624 as  function  of  irequcncy  IS’  1584 
1604 

from  ghitamaterpc  neurotoxicity.  198 
in  nti d  and  apical  turns,  253 
from  salicylate  administration.  182 
short  n  long.  214 
memon  12 

motile  prci^mesoC  11  490 
osculation,  role  in  transduction.  49 
outer  hair  cdl  (OUCX  493-  497  See  abo  Outer  hair  cdb 
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changes  in,  30t 

damage  from  overstimulation.  "'4, 81 
drug  effect  on.  40 
force  generation  in.  24-25 
loss  of  semi  truly,  24  -  26  JOt.  50  56 
receptor  pot er, tills  generated  by'  204  60 
response  to  tone.  Ht  15. 18  20  204  2»4  -e24  38 
transducer  conductance  as  sue  of  noise  induced  hearing 
loss.  25  32 

regeneration  of  (avian).  201-224  228-235 

and  stimulation  level,  "*1 

tuning  of  15 

types  I  and  IL  223  2254 

ultrastructural  properties  of  219-223 

vibration  phase  and  amplitude  curves  dope  of  "  8/  9f 
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ILilfoctxve  siuft.  4S9 
ILdothane.93 

Harmonic  components,  15.18. 19421/ 

Head  trauma,  cause  of  unrum.  27-4 
Headset},  notse  rcdoctioet'389— 400 
and  aricnoaxion.  389-400. 401-411 
haicry-pouxTcd.  400 
drcunaifil 
comfort.  399-  400 

and  speech  fawdbpbdur.  392. 395-396. 398 
supra  aural.  395 
Hearing  aid 

patient  attention  vs,  performance.  304 
toting  and  Signal  processing.  3®8 
tuning.  284 
Hearing  asymmetric 
and  measurements  of  hearing.  297 
and  uimnra,  273 
Hearing  buuoral 

cochlear  loss,  compared  with  conductive  or  retrocochlear 
impairments.  293-294 

effects  of  noise  on.  293-300  See  also  Acoustic  stimulation 
and  trauma;  Noise  exposure. 

eliminating  in  testing  of  bearing  protector  attenuation.  411 
factors  interfering  with  Interpretation  and  generalization  of 
lest  results.  294 
measuring.  293-  300 
vs.  monaural.  294-296 
testmg  of.  293-300 

Hearing  conservation  Sec  also  Hearing  procccuoo  devices; 
Proteaion  from  none, 
and  construction  industry.  524 
cva.’uazng  effectiveness  of  programs.  526-527 
and  bearmg  protection  devices,  377  See  also  Protection 
from  noise 

lack  of  success  with.  378-379 
and  manufacturing  industry.  524 
andOSHA.  523.523/ 

programs  (IICPs)and  strategics.  237.  238.  521-529 
foe  military  personnel,  52  4 
ume  intensity  exhange  relationship.  522-523. 523f 
2nd  Utility  Industry.  524 
Hearing  Conservation  Amendment.  523 
evaluating.  527—528 
prosecuting  of  violations  oC  526-527 
Hearing  impairment,  assessing 
ir  normal  hearing  patients.  298-  299 
and  speech  testing  and  material.  282-  292 
Hearing,  loss  of 

and  A  weighted  sound  energy.  532 
and  amuio^ycosJdc  antibiotics,  132,  175. 228-235 
analysis  of  enzymes  In  cochlear  tissues  after  nooe  exposure 
30/ 

area  and  tmiLtus  pitch,  272-273 
assessing.  282-292 
binaural,  293-300 
biochemical  processes  of,  28-36 
and  body  temperature,  490  500 
causes,  237, 293 
channel  closure  and.  55-56 
and  cisplitm.  i75- 179 
cochlear.  293  iff  also  Cochlea 
conductive,  293-294 
«  cochlear  and  retrocochlear,  293 
correlation  with  scs  erity  of  unrutus  273 
and  cubic  difference  tone.  9 1 
detection.  See  Audkgraro,  Coctileogram, 
effect  of  basal  and  apical  cell  loss  on,  61,  108/ 
enzyme  synthesis  in,  29,  304  31 
exposure  parameters.  162-163  259-266.471-472 
522-  523. 523/ 

frequency  specific  losses,  119-127,  137  168.  215-219 
228-  229,285,  288 
high-frequency,  289 

generated  by  cochlear  partition.  457-458 
hypothetical  changes  in  organ  of  Coni  29/  fice  also  Coni, 
organ  of 


mechanical  component  of  notse 
neural  is  mechanical  component  of  loss,  484  55 
hysteresis  and,  106- 1*4  See  also  Hysteresis, 
and  focraural  toe  domination  and  delays,  294, 296. 

'  298300 

Interval  between  onset  of  notse  exposure  and  onset  of 
bearing  loss,  274 

measuring.  195. 294 -300  5rc  also  Audiogram. 
Cbchlcogram. 

and  masting  levd  differences  (MLDS)  294 
mechanism  of  kiss.  351-352, 357 
monaural.  293-300 

morphologic  and  physiologic  changes  during.  28, 294  304 
106-114 

m  no«sc -damaged  car,  237-238 
industrial  noee  See  Industrial  nooe.  Occupational  noise, 
notse -induced,  individual  variability  of,  467-474. 476 
noopermanent,  23 

occupational  prevention  program  for,  274-275  Sec aho 
Industrial  notse;  Occupational  notse. 
and  otcacoustic  emissions,  94 
outer  cell  hair  receptor  current,  drop  m.  56, 60 
pattern.  215-219, 228-229 
permanent.  94-95. 237 
proteins  as  molecular  markers.  28. 29/ 
psychological  factors,  303-304 
recreational  activities.  270. 275 
rest,  effects  <*  445-455.  $32 
of  retrocochlear  origin.  283. 283/ 
rupture  of  roots  of  sfercocilu.  85. 489 
and  salicylates.  94. 175. 177  179-184 
sensorineural.  156. 282-28>.  2834  294-296 
bilateral.  293-300 
and  ctspUtm.  175, 176. 17 6/ 
vs.  conductive.  282 

and  effect  on  distortion-product  otoacoustic  emissions. 
100 

regeneration  of  crib  after.  204-214 
sensory,  56  57/ 

species  differences  and  mechanisms  of.  73-87 
susceptibility  to.  474. 476. 477 4  490.  500 
and  temporary  threshold  shift  (TISX  3n  4s /,  73-74  120 
1204  1224  156-170  1824  237 
and  tinnitus,  269-275 
and  toijene.  175 

variability  o(  106-114  467-474 
viral,  294-296 

work  related.  See  Industrial  noise-  Occupational  notse 
Hearing  protection  devices  (HPDtX  377-386.  51 6/ 
acoustic  test  fixture  (ATP),  use  of,  385-386. 401 
and  action  levels,  533 
articulation  index  (AI)  383 
and  attenuation,  401-  41 1  5ff  also  Aitcnuitioa 
cifcunuural  devices,  382-383 
hearing  threshold  method  of  measuring  406/,  407/ 
International  Standards  Organization,  work  oC  385 
rninimicrophone  method  of  evaluating  402-405  4064 
407/ 

real-ear  attenuation  at  threshold  (FEATX  385.  401.  51T 
real  world.  379-  380.  3804  381.  381/ 
sound  field  vs  pure  tone  (earplugs)  382.  382/  383 
uniform  377-  378 
Ccotromc  Stereo,  408/ 
circumaural  test  devices.  382-  383 
and  coal  mining  524 
in  European  Economic  Community.  532 
evaluating  401-411  See  aho  Real  ear  attenuation  at 
threshold  (REAT) 
fitting  procedure,  380-  383 

and  French  Comm.ttee  for  Weapon  Noise  51 3-516  516/, 
518 

and  emplovee  requirements,  523 
and  military  noise,  516-518  524 
and  mining  524 

nonlinear  effects  of  408  408/  409/  410/411 
andOSHA  522-523 
SPIN  testing  383 
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trasung  and  motivation  of  users,  378-379 
variability  ot  46Ss 

Heat  shock  protein  (hsp)  Sec  Protein,  beat  shock. 

Helmholtz 
harp,  112.  Iljx 
modified.  113: 

Hemorrhage 
car  drum,  326 
tympanic  32 6 
Hensen  cells,  3. 64  8(  9 

edge,  6, 6f  vibration  phase  and  amplitude  curves,  slope  o (. 
7.8/ 

Hereditary  disorders,  100 
Heterodyne  interferometer 
and  optical  sectioning  microscope  3—4 
and  orgui  of  Gotti.  7 

vibration  measurements  with,  recorded  simultaneously  with 
sound  pressure.  5 

Hcxamcthonium,  intracochkar  perfusion  o f 
effects  on  Nl  amplitudes,  432 
effects  on  temporary  threshold  shifts,  432 
Histogram 

permanent  shift  threshold,  1 63 
pre-  and  poststimulus,  163, 16 44  165 / 

Hyaline  cdls.  2l4 
Hyperthermia 

use  of  for  inducing  heat  shock  proteins,  32 
Hypoxia,  92, 93 
Hysteresis,  106-114 

Impact  noise 

and  conditioning.  485,  487 
in  industry,  361-371 
Impaired  energy  metabolism 
energy  flux.  measuring  ot  31, 82. 83/ 
energy  requirement  of  out  hair  cdb  for  forces  in  synchrony 
with  vibration.  49 

lack  of  support  for  role  of  in  hearing  loss,  31 
Impedance 

and  audiomctnc  testing.  502 
and  middle  car,  500 

Impulse  duration.  316-317,  3174  513-514,  5Uf  See  also 
Impulse  noise;  Noise  exposure,  duration. 

A ,  B-,  C-.  and  Dduration,  313.  316-317.  3174  514, 514/ 
comparison  of  damage  risk  criteria,  5154  5151 
earplug  protection,  517 
short  and  Ion- duration  Impulse.  515/ 
and  temporary  threshold  shift.  514.  5144  5l5r 
Impulse  noise 

A ,  B-,  and  C-duration.  316,  514,  514/ 

and  auditory  damage,  325- 33 4, 361-372 

and  auditory  evoked  potential,  334 

tundwidths,  337,  361 

basilar  membrane.  318 

Deration,  313, 316.  514, 514/ 

damage  risk  contours  for,  315/ See  also  Damage  nsk 

definition  of  A-,  B-,  C-„  and  Defecation,  316-317.  317/ 

delayed  maximum  temporary  threshold  shift,  514-515 

effects  ot  514/ 

riectiieal  Input  to  sound  system,  316-317 
and  evoked  potentials,  334 
experimental  basis  for  measuring  hazard  following. 
336-347 

frerjicncy  of  expose,  333-334 
impulse  noise  generation  system,  use  of,  361 
inter  impulse  i  itcval,  515 
and  Leq,  456  See  also  Leq 
Sow- frequency,  313, 355-356 
marginal  damage  332t  333.  333* 
measurement  of  316-318 
military  513 -3 19,  524 

nonlinear  interaction  of  low  and  high  frequency 
components,  320 
peak  pressure 
of  machinery,  532-533 
of  weapon  noise,  328 
and  peak  sound  level  522-523,  5*2 


nsk  for.  313-323. 361-371  Sec  also  Damage  nsk. 
low-frequency  impulse  notse;  Industrial  none; 
Occupational  noise, 
from  weapons.  32 1 -334 
role  of  OSHA  in  assessing.  528 
safety  marpn  (guinea  pigsX  331. 33U 
short  bursts,  treatment  ot  532 
spectrum  ot  361-371 

work  of  Research  Study  Croup  6  oa  Effects  of  Impulse 
Noise.  313-314 
Incubator  notse.  201 
Ificudosupodul  Joint,  192 

Industrial  noise.  464  175. 237-240. 313. 336, 471,  See  also 
Occupational  notse;  Protection  from  noise. 

A  weif^iungln,  316. 532 
action  levels.  533 
bottling,  367 
canning.  385 

and  cochlea,  351, 352  See  also  Cochlea,  damage  to. 
"danugedearf  theory,  238. 240 
estimating  nsk  of  permanent  threshold  shift,  361 
in  European  Economic  Committee,  531-534 
impact,  361-371 
vs.  impulse,  528 
short  bursts,  treament  of,  532 
monaural  vs.  binaural  exposure,  239-240 
Noise  at  VTork  directive  86/88.  533 
notse  burst.  532 

occupational  prevention  per  ram,  274-275 
Occupational  Safety  and  lla  •'♦ministration  (OSI1A), 
521.523.525,527,528 

prevention  of  harm  from,  4  56  See  also  Protection  from 
notse.  industrial 

recreational  earphones  for  music.  384-  385 
spectral  factor  in.  314. 361  -371  See  also  Spectral  factor, 
industrial  notse 

temporary  and  permanent  threshold  shifts.  314-316, 
361-371 

and  tinnitus.  269.  2704  271,  2711 
types,  270. 270: 

Inhibition,  role  of,  122/ 

Inner  hair  cells  (UIC)  See  ako  Hair  cell  loss. 

AC.DC  and  fli2  ratios,  20.  23/ 
and  auditory  fatigue,  266 
changes  in.  30: 

disruption  of  detection  of  vibration,  56 
fused  cilia,  apical  domain.  66 / 
impairment  of  neural  function.  56 
loss  of,  64,  132.  198,253 
and  neural  growth  function.  53 
receptor  potentials  generated.  15,  '8, 184 194  22/ 
response  to  overstimulation,  64-67 
response  to  tone.  144 15,  18, 184  20.  22 f 
suppressions  below  characteristic  frequency,  253 
swelling  ot  64. 654  67  67/ 
swelling  of  afferent  dendrites  at  level  ot  415 
synapses  between  inner  hair  cdb  and  auditory  nerve,  197, 
200 

Input-output  function 
of  acoustic  reflex,  504,  505/ 
of  electrically  evoked  middle  latency  response  136/ 
of  fundamental  components  15,  18 
nonlinear,  89-91.  98 
Interaural  amplitude  differences.  300 
lnte*aural  time  discrimination.  293,  295-296 
lmenmpube  interval  515  5154  515: 

Intermutence  See  also  Protection  from  noise.  Rest,  effects 
cochlear  damage  and  hearing  loss 
effects  of  on  hearing  loss  and  cochlear  damage  445-455 
532 

in  industrial  environments  445  See  ako  Industrial  noise 
noise  rest  schedule,  459 
and  permanent  threshold  shift.  462  4624  464: 
Intermodulation  distortion,  and  more  than  one  pure  tone 
stimuli,  53 

International  Standards  Organization 
dectroacoustic  procedures,  382 
work  of,  385 
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Intracellular  recording  of  responses  from  hair  ceils,  lack  of 
surdity  in  studies  of  nose- induced  hearing  loss,  12 

loos 

analysis  ot,  29. 30f 
ioruc  channels,  50 
Ischemia 

and  heat  shock  proteins.  33 
and  sensitive  dcvdopmeraal  period,  198 
Isoimphtude  15 
tuning  curves  for  hair  cells,  1 6/ 

Jcodrasslx  handdcnching  maneuver,  509 

JRENUM  earplugs.  See  Earmuffs,  earplugs  JRENUM  earplugs 

K.  changes  In,  30r 

K*  and  K*  channels  current  See  also  K,  changes  in< 
effect  of  quinine  On,  42-4} 
increased,  effect  on  cell  motility,  24 
and  outer  hair  cells  (OHCX  4 3 
in  setting  position  of  DC  bias  of  basilar  membrane,  24 
Kainic  acid,  198,  199/ 

Karumjdn,  132. 135 

effect  on  basilar  papilla.  230-231, 230/  2MS  232/ 
hair  cell  loss  (avian  X  228-235 
KEMAR  acoustic 
and  acoustic  seal,  392, 398-399 
manikin.  390-392.  399 
Kynurcnic  acid 

antagonist  to  excitatory  amino  acid.  3 8 
interaction  with  intense  sound,  38, 39/ 

Imracochlear  perfodon  ot  4 15 
and  neurotransmitters,  -<1$ 

LAP  computer.  308-309 
laterality,  factor  In  tinnitus,  272,  lilt 
Lcq,  44:^514 

and  fluctuating  noise  exposures.  456. 458, 4584  462. 4624 
46ft 

means  of  estimating  hazard,  463 
and  permanent  threshold  shift,  458. 462/ 
as  predictor  of  permanent  threshold  shift,  464, 464f 
Lesions 

basilar  membrane.  125  127 

of  the  cochlea.  123-124. 1264  182.  196-197, 293. 3l6 
In  basal  turn  ot  445-446 
crossed  olivocochlear  bundle;  433, 4334  440 
temporary  threshold  shifts,  433-434. 433 / 
at  floor  of  fourth  ventricle,  435-436, 435/ 
hair  cells,  74, 106, 168 

noise- induced,  methods  of  quantification.  471-472 
exposure  level  and  frequency,  471-472 
rctrocochlear,  283.  283/ 
and  sensorineural  hearing  loss.  283,  283/ 

Levitt  procedure,  modifications  of,  295 
Linearity 

of  middle  car.  350-  358 
results  of  deviations  from,  89-90 
lipids 

changes  in  noise  induced  hearing  loss,  29 1 
solvents  containing  185 

lissajous  figures,  modifications  to.  loss  of  nonlinear  properties 
of  cochlea,  20.  22/ 

Losses,  frequency  specific,  119-127, 157 
Loudness 

contours,  365-  367.  3664  3674  370,  370/ 
factor  in  tinnitus,  273 
studies,  365-367 
Loudspeakers 

in  assessing  noise  expo-  ,rc  (guinea  pigsX  457-458 
in  evaluation  of  hearing  protector  attenuation,  402-  403. 
403/ 

Malleus 

rculleusincus  complex,  447 
manubrium  of,  difficulty  viewing,  5 
vibration  of,  5,  4  44  5 
amplitude.  5  5/ 


compared  with  cellular  amplitude  of  vibration,  7 
as  function  of  sound  pressure.  5 
as  Inner -ear  responses,  5 

phase,  measured  with  reference  to  sound  pressure  phase, 
6 

Machinery  See  also  Industrial  noise;  Occupational  noise; 

Protection  from  noise;  Hearing  protection  devices, 
design  of  (European  Economic  Comm  urn  tyX  532-533 
labeling  peak  pressure.  532 
.Manubrium.  In  guinea  pigs,  5 

Manufacturing  industry  and  nose,  524  See  also  Industrial 
noise;  Occupational  noise 
Marine  personnel 
Coast  Guard,  524-525 
Noise  at  Work  directive,  533 
Masking 

and  evaluation  of  hearing  protector  attenuation,  401 
masking  lev  el  differences  (MLDsX  293 
noise  and  temporal  integration.  150 
period  patterns  (MPPX  92 
and  recreational  earphones  for  music,  384  -  385 
sounds,  and  interference  with  hearing  loss  detection,  303 
Masking  level  differences  (MLDsX  293-294 
Mastoidectomy.  131 

MDS  tuning  curves,  106-108.  1084  112 1 
excitatory  threshold  tuning  curve,  122 / 
after  temporary  threshold  shift.  122 
Medttnicodcctric  transducers 
changes  in  transduction.  56 

channels  of  transduction  at  apex  of  outer  hair  cell,  51/,  4  42 
in  future  research.  32 
Membrane  potential 
elevation  of,  outer  hair  cell,  144  15 
pretrauma.  13 / 

recovery  of  outer  hatred!  membrane  potential,  15 
repolartzation  ot  13 
resting,  14/ 

and  sensitive  period,  198 
Memory,  hair  cell,  12 
Mfattrc's  disease.  100 

and  distortion  product  otoacousuc  emissions,  100 
and  tinnitus,  277 
Merscnnc’s  first  law,  114 
Metabolites 
analysts  of.  31 

dunng  stage  I  hearing  loss,  29,  29f 
Methionine,  In  production  of  radiographs,  3  4 
Microphone 

for  assessing  novse-induccd  permanent  threshold  shift,  468 
for  evaluation  of  hearing  protector  attenuation.  402,  411 
for  measuring  high-pressure  Impulse,  325 
minim icrophoncs  (MMPX  measurements  with,  402-411 
cables,  402 

compared  with  real  ear  attenuation  at  threshold  (REAT) 
technique,  402 

Midbrain  neurons,  frequency  selectivity  of.  120 
Military  noise  standards.  513-519  See  also  Cannons,  damage 
from,  Flying  situations.  Impulse  duration,  Weapons. 
Coast  Guard,  524-525 
continuous.  272,  361,  367 
vs  impulse,  259-266 
earplugs,  use  of.  516-  518,  5164  5l?f  518/ 
hearing  conservation  program  for  personnel  524 
impulse  noise,  270. 274,  315,  319-320.  3204  334-335. 

337  See  also  Impulse  noise 
permanent  threshold  sfuft,  516  See  also  Permanent 
threshold  shift  (PTS> 

temporary  threshold  shift  measurement  513  See  also 
Temporary  threshold  shift  (TTS> 

Mine  Safety  and  Health  Administration  See  Occupational 
noise,  Mine  Safety  and  Health  ministration. 
Mitochondria,  outer  hair  cell,  496- *97  19 6/ 

Modified  rhyme  test  392 
Modiolus 

degeneration  of  hair  cells  near  68 
and  measurement  of  cellular  vibration  6 
Moobiocr  technique  107  109/ 
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mrn 

dunges  in  structural  danugc,  28 
increases  in.  32-33 

Multidimensional  scaling  techniques  (MDSX  281, 286 

Multiple  skrosts,  297 

Myosin,  interaction  with  act  in,  4  2C 

Nl 

audiogram.  432. 438 
effects  of  hexamethomum  on,  432 
and  brain-stem  dectncal  stimulation  (BE$X  429, 431. 433. 
433/ 

effects  of  quinine  on,  41 

effects  of  strychnine  on  Nl  amplitudes,  thesholds,  431, 
434-436.4J5/ 

visual  detection  thresholds  foe,  429 
Na.  changes  in,  30r 
Nl*K*  ATPase 

after  dsplatm  administration,  176 
in  quiet  aged  gerbils.  248/ 

National  Institute  of  Occupational  Safety  and  Health.  521 
Neonate 

effect  of  deafening  on  central  nervous  system,  1 31 
incubator  noise,  201 
prematurity,  188,201 
Neural  facilitation  In  brain  cortices,  33 1 
Neural  growth  functions,  after  noise  uauma,  -484  52 
Neural  rate  intensity  functions,  $3, 54/ 
and  sigmoidal  growth  function,  54f 
Neurons,  afferent 

before  and  after  acoustic  trauma,  48 
frequency  threshold  curve  for  single  primary  afferent 
neurones  (catsX  46/ 
growth  rate  of  firing.  53 
and  hair  cell  loss,  65-66, 66/ 
high  frequency  neurons  of  cochlea,  changes  in,  56 
limited  dynamic  range  of.  53 
variation  of  shape  of  normal  rate  intensity  functions,  53 
Neurotoxin  treatment,  and  heat  shock  proteins,  33 
Neurowansmmers 
afferent,  blocking  oC  4l5 
during  Stage  I  hearing  loss.  29, 29t 
increase  in,  497 
and  fcynurenate,  415 
pooling  ot  497 

release  of  from  basolateral  walb  of  Inner  hair  cell,  49 
Nifedipine,  effect  of  on  encochlear  potential,  43 
Nunodjpinc 

Ca2*  channel  antagonist,  42-43 
interaction  with  intense  sound,  38. 42.  42f 
Noise  at  Work  directive  8688,  533 
Noise  exposure  5ce  also  Acoustic  stimulation  or  trauma. 

Industrial  noise;  Occupational  noise;  Sounds,  loud, 
binaural  sound-field  exposure,  467-468, 474 
daily  personal  exposure  (LFP.dX  533 
duration.  314-317,  317/ 

Environmental  Protection  Agency  and,  521,  522r 
in  European  Economic  Community,  531-534 
Federal  Aviation  Association.  525 
fluctuating,  and  Icq.  456, 462 

history  of  and  susceptibility  to  hearing  loss,  476, 490,  500 
and  industry  See  Industrial  noise;  Occupational  noise 
interval  between  onset  of  noise  exposure  aod  onset  of 
hearing  loss,  27 1 

limits  on  for  workers,  522-523.  523t 
for  low  frequency  impulse  ooise,  313-323 
middle  car  muscles  In.  350, 490, 492 
monaural  hearing  293-300. 467 
Occupational  Safety  and  Health  Organization,  521 
prevention  of.  274-275 

protection  from,  377-381. 490-491.  521-522  See  abo 
Hearing  protection  devices 
Protection  from  noise 
and  physical  exercise,  500-  509 
sound  field  exposures  467-468 
table  of  (Mongolian  gerbils)  239t 
time  intensity,  522-523,  523/ 


unilateral  exposure,  467-468 
and  w  eapons  See  Weapons. 

Noee  reduction  rating  (NRRX  379-  380.  380/ 

Noise  trauma  See  also  Acoustic  stimulation  or  trauma.  Noise 
exposure;  Sounds,  loud. 

and  active  noise  reduction  technology,  389-390 
and  binaural  hearing,  293-300 
effect  on  central  auditory  pathway,  156 
fetal.  200-201 

and  frequency-specific  losses,  119, 157-158 
impulse  noise  trauma,  role  of  low  frequency,  314 
industrial  See  Industrial  noise;  Occupational  noise, 
and  monaural  hearing.  293-300 
and  neural  growth  functions.  48 1,  52 
Noise  at  Work  directive,  533 
and  outer  hair  ceils,  490 
and  postsyraptic  disruption.  56 
preventing.  274  See  also  Hearing  protection  devices. 
Protection  from  noise, 
protection  from.  490-492, 4914  492 1 
middle  car,  490. 492 
and  physical  exercise,  300-509 
shift  in  tonotopy,  1104  112 

srcrcocilia.  reorientation  after  aminoglycoside  ototoxicity, 
220-223 

Noise-damaged  ear,  susceptibility  to  additional  noise  damage, 
237-238. 490 

Noise  notch,  45. 46. 464  107-108, 1094  1104  111 
and  basilar  membrane.  Ill 
loss  of  sensitivity  In.  46 
Nonlinear  input-output  function.  89-91, 98 
decrease  of  nonlinear  compression,  107, 109/ 
and  spontaneous  otoacoustk:  emissions  (SOAEsX  90, 91, 
101 

Nosoacusis,  238 

Nuclear  magnetic  resonance  (NMR)  imaging,  J1 

Occupational  noise  See  also  Industrial  noise 
and  coal  mining,  524 

current  occupational  noise  standards,  522-521 
estimates  of  workers  affected  by,  526 
in  European  Economic  Community,  531-531 See  a/so 
European  Economic  Community 
Mine  Safety  and  Health  Administration  (MSIIAX  522 
524-525 

Noise  at  Work  directive  8688,  533 
Noise  Control  Act,  521 

Occupational  Safety  and  Health  Administration  (OSHAX 
521-528 

permissible  noise  exposure,  523-525  523f 
regulatory  agencies,  523-524  523/ 
standards,  521-529 
compliance  with,  525-526 
enforcement  of,  526,  527 
fragmentation  and  confusion  about,  525-526 
regulatory  agencies  See  individual  agencies 
Walsh  Healey  Noise  Standard,  522 
work  types,  *22/.  523/ 

Occupational  Safety  and  Health  Administration  (OSHAX  521 
and  construction  industry,  523/  524 
enforcement  of  standards,  526-  528 
Hearing  Conservation  Amendment  523,  525,  527 
permissible  noise  exposure,  523,  523/,  525,  528 
and  petroleum  industry,  52 3t,  524 
Octave  band  of  noise,  445- 146, 449 
before  and  after  exposure  to  (47  4484  449,  4494  4514 
477/ 
and  Lcq  458 

and  threshold  shift  (chtnchdiasX  4  45,  4514  4524  453 
Oddity  procedures,  295 
Olive, 

cells  oOJIf 

efferent  cell  bodies  (cats)  424 f 
Olivocochlear  efferent  bundle,  84  98,  424f 
acoustic  overexposure,  424-427 
cells  of  ongin.  424 f 

and  contralateral  cochlear  destruction.  444-43'’ 
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OIn  OCOchlear  ( Continued) 

crossed  (COCBX  <15.  <20,  <29 

electrical  stimulation  of,  <18 
and  post  exposure  theshold  shift.  <86/ 
pcotectlvc  mechanism  against  intense  sound,  <  15 
<I7-<I8b  <20.  <25.  «0.  <96 
scctiooii^  of,  and  postexposure  thcsfrold.  <86/ 

In  cats,  <23- <27 

compared  with  guinea  pigs,  <25-<27 
In  dogs,  169 

and  car  canal  acoustic  signals,  98 
feedback  acthity  (cats).  <23-<27 
lesioned.  <33/  <3<, « 0 
medial  (MOCX  <15 

protcahe  role.  <U-<15.  <23-<27.  <29-«2.  <90,  <96 
and  scopolamine,  <I7-<I8,  <18/ 
shockoxAed  efferent  activity,  <2<-<27 
sound-evoked  efferent  activity,  <2f-<27 
and  strychnine.  <I5-<I8.  <18/  <3l-<32,  <90 
threshold  shaft  (catsX  <26 f 
uncrossed  (UOCB).  <31- <32 
Olivocochlear  neurons,  <25,  «0 
Optwal  sectioning  microscope,  used  with  hetcrod>-ne 
interferometer  3 

Organ  of  Coni  Sec  Coni,  organ  of. 

Oscillators,  350-352,  351/ 

Ossicles,  removal  of 

and  middle-car  muscle  reffex  for  contralateral  ear,  <5< 

^  clcTJ,iom  (chinchiUasX  «6.  «9.  <51  <51/ 

Otoacoustlc  emissions  (OAIsJ 
click-cvolcd  (CEOAEX  92-93*  101.  102/  107  Scetho 
dick -evoked  otoacoustlc  emissions, 
effects  of  noisc-induccd  and  other  sensorineural  hearing 
loss  on.  99-100 
cochlear/amphfier  and,  90 

correspondence  between  OAl  and  hearing  level,  89-95 
Krf  cubic  difference  lone,  91  $ccabo  Cubic  afferent* 
tone. 

and  damping  forces.  89-90 
decrease  In  amplitude  with  stimulus  level  92 
distortion  products,  91. 99-101,  217-218,  218/ 
and  cubic  difference  tone.  91 

distortion  product  okmcoujOc  emissions  (DPOAEX 

98-99, 100/ 

and  of  noise  induced  and  other  sensorineural  hearin*  loss 
on.98 

drug  effects  on,  93 
h>poxia,  93 

nonlinearity  0/  89-90, 98 
and  organ  of  CorU,  101 
and  ototoxic  drugs,  93-94 
simultaneous.  89, 91 

spontaneous  (SOAEX  90, 98-99. 101  See  also  Spontaneous 
ocoacpustic  emissions. 

effects  of  notse-Induced  and  other  sensorineural  heanntt 
lessen.  99 

from  an  Intact  regions,  91 
from  a  pathologic  region.  94 
suppression  ot  95 

stimulus  levels,  90, 93 

stimulus-frequency  otoacoustlc  emissions  (SFOAEX  98 
studies  of,  as  a  test  of  human  cochlear  function,  99- 101 
293 

suppression  of  response  to  stimulus,  91 
remote.  92 
temporal,  92 

and  tectorial  membrane,  90 
and  temporary  threshold  shift.  90 
Otodjnamic  Analyser,  11088, 89 
Ototoxicity  Sec  also  Drugs,  ototoxic 
vs.  aging  process  in  hearing  loss.  243 
cthacrynic  acid  and  gentamicin,  190- 193/ 
and  neurotransmitters.  193 
role  of  silence  189 

Oum  fuii  cells  (01IC)  Sec  also  Urn  c<U  lost 


acetylcholine  and  changes  in  tonus,  112 
and  acoustic  trauma,  susceptibility  to,  <90- <97 
aoin  and  mysosin,  interaction  with,  <20 

In  active  and  nonlinear  behavior  erf  cochlea,  98, 102  107 

afferents  input,  60 

apical  turn  OHO.  60. 191/See  afro  Turns.  apvcaL 
*osso/63-6<,«5 
pattern  of  loss,  63-6<,  65/ 
and  auditory  fatigue,  266 
basal  turn  OHCs,  60, lOSfSce  afro  Turns,  basal, 
and  cancellation  phenomenon.  112. 112/ 
changes  in,  304  108, 108/  111 
and  asp!  at  in  administration,  176 
closure  of  OUC  transduction  channels.  53/54 
contractility,  107  ' 

*nd  cubre  difference  tone  emtsaoi  It  tosestnanhis  217 

damaged  1 

from  acoustic  overstimulation.  71. 106. 1 1 1  <90- <97 
counting  of,  63  * 

and  distortion-product  otoacoustlc  emissions,  99- 100 
and  spontaneous  otoacoustlc  emissions.  lOl 

and  damping  forces.  55,  <90 

Deiters”  cells  of  68, 68/ 

drug  effect  on.  <0.  <3 

efficacy  of  and  neural  threshold,  50 

force-generation  in.  24-25 

infranudear  region  of,  <9f,  <9</ 

ta  frcw 

from  cfrplatin,  |77 

m  quiet  aged  and  noise  aged  gcibils,  246-217,  254/ 
from  salicylates,  181, 182 f 
of  sensitivity,  24-  26.301 
membrane  components.  <94-<95.  <944  <95/ 
mitochondrial  activity.  <96.  <96/ 

«nd  -ntodffcd  llrlmboltr-  (v, ruble  pi*,)  nw  1 13, 
motility  and  modulation  of  active  processes  <15 
nimopidme  and,  <3 
moulity  of,  98 

protective  mechanism  against  intense  sound  <20 
proteins  of,  <0 

receptor  currents  of,  <9-  50,  52-  53,  55 
Impairment  of,  50-51,  5 1  f 
multiple  traumas  and,  56 
receptor  potentials  generated  by,  20f,  <9, 60 
recyling  of  membrane  components,  <9<,  <95  <95/ 
redundancy  of  population.  106 
and  remapping  of  cochlea.  1 1< 
response  to  tone.  «<f.  15.  18.  20. 20/  21/  22/  38 
scar  formation.  67-70 
and  sensitive  petiod,  198 
stereoolia  of,  68/  86/  86, 87 
and  synapses  with  auditory  nerve.  197-198,  200 
""''"’kS, bbbteuncc  »,  are  o (  nws^inon'en)  htanog 

transfer  curve,  51/ 
turgor  of,  112 

and  two- tone  suppression,  53.  55 
Overstimulation  5re  afro  Acoustic  stimulation  or  trauma. 
Industrial  noise;  Noise  exposure,  Noise  trauma. 
Occupational  noise;  Sounds,  loud, 
afferent  dendrite 
Joss  from.  67/  70. 198 
sweliingof,  <15 

auditory  brain  stem  responses  to.  63,  61 f 
in  gerbils,  246-255 

biochemical  consequences  on  cochlea,  32 
in  the  cochlea,  60-70  See  afro  Acoustic  stimulation  or 
trauma,  overstimulation 
in  the  cochlea,  Cochlea,  overstimulation  in 
damage  to  outer  hair  cells  from,  74 
effect  on  cochin’s  ability  to  detect  high  frequency  stimuli, 
11-12,63-64,64/66/70,  107 
improvement  of  neural  sens: tint*  >9cr,  55 
loss  of  afferent  dendnte  from,  67,  67/ 
and  position  of  hair  cell  damage,  7< 
species  differences  in  response  to  ’3-87 
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stage  I  and  II,  28, 29, 29* 
loss  of  outer  ha*r  cell  receptor  currents,  49-50 
and  stereoedia.  55, 66/ 
and  weapons  See  Weapons. 

Papdla,  basilar  (bodgerigarsX  230. 230f  231/  232-233 
and  kanaroycin  administration.  230, 2304  2314  233-234 
regeneration  of,  233-234 
Pars  pectinata 
and  hysteresis.  113t 
schema  of  85 
Pars  tecta,  schema  of  85/ 

Peal:  pressure  See  also  Industrial  noise-.  Occupational  noise; 
Hearing  protection  devices, 
of  machinery,  532 
of  weapon  noise,  328 

PcntoxyphylUn.  combined  with  xantind  nicotinate  for 
treatment  of  tinnitus,  273, 274 
Penlyraph.  perfusion  of  In  experimental  animals  415-416, 
447 

Periphery,  loss  of,  121, 153 
and  global  supersensitivity,  153 
sensitivity  low  contingent  on,  121-122 
Permanent  threshold  shift  (PIS)  Sec  also  Temporary 
threshold  shift;  Threshold  shift, 
and  acoustic  reflex,  500 
In  area  of  hau<ell  kiss,  95, 137, 158/ 
and  asymptotic  threshold  shift  (ATS),  1614  362-363. 3634 
365,369-370.481 
attempts  to  predict  degree  of,  106 
and  auditory  nerve  dysfunction.  67 
and  carbon  monoxide,  184 
and  cispUtin.  177, 178/ 
and  car  infection.  468* 

estimating  nsk  of  in  occupational  environment,  361 
In  evaluating  Equal  Energy  Principle,  456 
and  evoked  response  amplitude-level  functions.  157-158, 
1604  162-163 

and  experimental  estimated  hazard  of  Impulse  noise,  337, 
351-352 

experimental  paradigm  to  measure,  458 
after  exposures  of  85, 87. 87-5,  and  95  dB  SPU  459, 4614 
460/ 

as  function  of  frequency,  157, 1584  1604  1634  4604  461/ 
generated  by  intermittent  and  short  coninuous  noises. 
463-464. 464* 

after  kanamycin  administration  ( avian  X  229-230 
Leq  and.  458. 4624  464. 461/ 
magnitudes  generated 

by  4-hour  continuous  noise  at  95  dB.  459. 462 
by  Intermittent  and  short  continuous  noises  and  8- hour 
continuous  noise.  464 * 
and  military  noise.  514-519 
from  monaural  and  binaural  exposure  to  noise  (gcrbibX 
238.239,2394  240.240/ 

noise  and  periodic  rest  from  noise  See  also  Intemmtence, 
Rest 

in  chinchillas,  447 
In  industry.  456-465  532 
noisc-induced  (N1PTSX  241-243.  2414  24V 
variably,  individual.  467-474 
and  octave  noise  band,  462 / 
and  postexposure  threshold  shift,  484 
protection  against,  516 
resistance  to,  467, 4774  479. 480 
and  salicylates,  179, 181, 181/ 
and  sensitivity  to  acoustic  trauma,  197,  334 
and  sound  exposure  level,  relation  between.  337-339, 
338*.  34V  344-345.3444  345/ 
and  sound  pressure  level,  industrial  noise.  456-465 
spectral  factor,  Industrial  noise  314-316 
and  stapedius  muscle.  490 
stereoedia  rootlets,  31,  489 

vs.  temporary  threshold  sluft  (TTSX  31. 158.  489-490 

and  toluene,  185 

variability  of  468*,  471-473 

and  "zero-risk  to  hearing’  figure,  532 


Phagocytosis,  of  hair  cells,  204 
Phasic  (AQcomponcnt,  See  also  Receptor  potential 
acoustic  stimulation,  11-13, 15. 164  17/ 
changes  dunng  loud  tone,  18, 38. 39/ 

Phoneme,  282. 283, 291 
confusion  over.  284, 284/ 
count,  vs.  syllable  count,  287, 290, 290/ 
differences  in  production  in  individual  speakers,  307 
perception  of,  308 
scores.  2864  287 

vs.  sentence  scores.  289-290. 2894  290/ 

Physical  activity  See  Exercise,  physical 
Piezoelectric  system 

microphone,  for  measuring  high  pressure  impulse,  325 
transducer,  81 
translator,  3 
Pmk  noise,  391.395 
Pinna  reflex,  326 
Pitch 

as  an  auditory  cue,  307 
factor  In  tinnitus,  272-  273 
Plasticity 

In  cortical  map  of  adult  auditory  system.  127 
of  somatosensory  system.  1 2 1 
cortex.  169 
of  tonotopic  map.  125 
Potassium,  changes  in  levels  of,  50 
Potentiation 

and  aminoglycoside,  189- 190 
and  ethacrynlc  acid,  192 

and  Increase  In  efficiency  of  synaptic  release,  496 
Prematurity  See  also  Neonate. 

Incubator  noise,  201 
noise  trauma  in.  188. 201 
Presbycusis,  246  See  also  Age;  Aging 
interaction  with  noice- induced  hearing  loss,  238 
and  possible  role  of  heat  shock  proteins,  33 
and  tinnitus,  269-271, 270*.  271* 
vowel  recognition  and  duration  in.  28l-2b6 
Pretrauma 

membrane  potential,  .V 
peak  amplitudes,  18 

Primary  response  (PRX  weapon  noise,  326-327 
Prosthesis,  cochlear,  131.  132/ 

Protection  from  noise 
action  levels,  533 

txnaural  interactions  leading  to,  442 
current  issues,  377-  381 

by  efferent  olivocochloear  pathways,  415-420, 423-427, 
429-442 

in  European  Economic  Community,  531-534 
federal  funding,  527 

hearing  protection  devices,  527  See  also  Hearing  protection 
devices. 

industrial  189-190,  274, 321-322. 3224  333,  333*  See 
also  Industrial  noise.  Occupational  noise 
and  membrane  recycling  of  outer  hair  cells,  495.  4954  497 
and  neurotransmittcr  pooling,  497 
Noise  at  Work  directive,  533 
nonlinear  devices,  518  See  also  Eaxmufis,  earplugs, 
physical  exercise  and,  500-  509 
by  pre  exposure  to  low  level  acoustic  stimulation, 

491-492  492/ 

weapons.  321-322, 3214  333.  333* 

Protein 

changes  in,  organ  of  Cortl.  28,  29*  See  also  Corti,  organ  of 
electrophoresis,  use  of  in  identifying  proteins  28,  33 
heat  shod,  28,  29*.  32-33,  3V 
protective  function  of,  32, 3 V 
7010,  28.  32 

identification  of,  in  cochlea,  28 
of  the  inner  car,  34 
neurofilament  subunits,  28 
of  outer  hair  ceil  490 
Psychological  factors  of  hearing  loss 
data  limited  tasks  304 
patient  attention  vs.  performance  304 
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Psychological  factors  of  hearing  loss  (Continued) 
subjective  factors  affecting  measurement  of  hearing  loss, 

303-3*4 

Psychophysical  phenomenon  and  meaurcmcots,  293-300 
antiphasie  stimuli,  295 
effects  of  loud  sounds  on,  123 
Pulse  labeling  experiment,  208/ 

Pure  tone  stimuli  -45— <6,  46/  -49, 74, 365 
for  assessing  noise  induced  permanent  loss.  243 

CF  stimulus,  49, 514  53 

in  orcumaural  earcups  (for  hearing  protection  device  X  382 
and  cochlear  damage.  429 

and  fit  tests  for  hearing  protection  devices.  381, 382. 382/ 
more  than  one,  53 
and  threshold  shifts,  74. 754  243 
two- tone  suppression  before  and  after  noise-trauma 
suppression.  53 

Quinine 

effects  on  Nl,  41-42. 42/ 

interaction  with  intense  sound,  38. 41-43. 42/ 

Radioactive  amino  acids 
and  hair  cell  loss,  34 
in  labeling  eat  specific  pro'eins,  3< 

Rapid  Speech  Transmission  Index  method,  517,  5I7r 
Rate-loel  functions,  1 66,  166/ 

Real  car  attention  at  threshold  (REATX  385.  401 
Reccpmc  fields  (RFX  121 
inhibitory  input  from,  121 
somatosensory  cortical  neurons,  121 
Receptor  currents.  49  See  also  Receptor  potential 
change  in,  50 
high  frequency  of.  50. 50/ 
of  outer  hair  cells  (OlIC) 
loss  of.  49-50, 51/ 
reduction  in  (outer  hair  cell  X  53 
and  two-tone  suppression  Jamming  high  frequency  current. 
53 

Receptor  potential.  18/ Sec  also  Receptor  currents 
and  acoustic  trauma,  50 
amplitude,  plotted.  11/ 
asymmetrical  11-12 

DC  receptor  potential  of  basal  and  apical  outer  hair  cells 
turns,  60 

depolaruing.  12, 15. 17/ 
fundamental  component  of.  15, 18.  22/ 
harmoruc  components  of.  15. 18. 194  21f 
byperpolarizing.  12.  17/ 

inactivation  of  proteins  during  acoustic  trauma.  50 
phasic  (AC)  components  of.  11-13,  15.  18 
steady  state  (DC)  components  of  11-13,  15,  164  17/  18 
Recovery  period 
from  auditory  fatigue,  259-266 
and  biochemical  analysis  of  organ  of  Coni.  31  See  a/so 
Coni,  organ  of 

curves  for  individual  animals,  483-484.  481/ 
duration  of.  12 
and  hysteresis.  114 

thresholds  recorded  before  and  after,  4S0-  487 
Recreation  earphones  See  also  Headsets,  noise  reduction 
attenuation  of  various  earphones,  3814  385 
dangers  of.  384 

Recreational  activities  as  cause  of  hearing  loss,  270.  275 
Recruitment 

amelioration  of  vu  compression  aids,  308 
definition.  45 

and  loss  of  outer  hair  ceil  receptor,  52 
measurement  after  weapon  noise  exposure,  326 
and  sensorineural  hearing  loss.  169 
and  tempora .  loudness  shift,  263,  263/ 

Recycling,  membrane.  495, 495/ 

Regeneration  of  hair  cell,  avun  inner  ear,  204-224,  228-235 
afferent  and  efferent  terminals,  219,  220/  222/ 
phases  of  213-214  213/ 
of  short  vs.  long  hair  cells  214 
Mercocdu  of  220-223 


synaptic  connections  with  central  nervous  system,  219, 

221/ 

ultrastructural  properties  of,  219 
Resistance  to  noise,  476-487 
biologic  basis,  485 
low'-frequcncy  exposure,  485 
Resonance  peak.  7 

high  peak  levels  of  consecutive  nonreverberant  Impulses, 
361-364 

peak  to- peak  potential,  12 
Rest  See  also  Interrmttencc 

effects  on  cochlear  damage  and  hearing  loss,  445-455, 464 
in  industrial  environments.  4  45, 456, 532 
Reticular  lamina.  85 
displacement  of  85 
permanent  damage  to,  29/ 
vibration  amplitude  of,  6 
view'  of,  69/ 

Retina,  and  heat  snock  proteins,  33 
Reverberation.  323. 3  <7 
and  active  attenuation,  390-391 
chamber,  use  of,  401 

consecutive  nonreverberant  impulses.  361.  364 
weapon  noise,  323. 336 
Rifles  See  Weapons. 

Rollover,  283 

Roots  of  stercocilla,  85, 489 

S/N  (quality  of  dataX  304, 308 
Saccula  (chlckX  223.  2 24/ 

Salicylates 

blood  pressure  and  systemic  effects.  40 

effects  on  threshold  shifts,  179,  181- 182.  182 f,  183 1 

interaction  with  Intense  sound,  other  drugs  38,  40, 42 / 

175, 177.  179,  181. 181/  182, 184 
and  outer  hair  cells  (OllCX  40 
Scala 

basilar  membrane  defecting  toward  320 
fluid  filled,  frictional  forces  in,  23 
media.  12 

In  quiet-aged  gcrbils.  247,  251/ 
cympanf  12,17/  82,  109/  110.  110/  111,  111/  114,416, 
432 

vcsubuU.  17/  38.81,  108.  Ill/  112/  4 >6 
sound  pressure  amplitude  In.  82/ 

Scar  formation.  67-70 
actin.  67, 68 f 
Dcitcrs  cells,  67,  68 1 
pillar  cells.  67,  70 
vimcntin.  70 

Scopolamine,  and  olivocochlear  efferent  bundle,  417-418, 
418 f 

Section  Technique  de /Arm re  dr  Terre,  work  of.  517 
Sensorineural  hearing  loss  See  Hearing,  loss  of,  sensorineural 
Sentence  scores.  289  -  290.  289/  290/ 

Shock  wave.  514 

Shooting,  factor  in  tinnitus,  273 

Sigmoidal  growth  function,  and  neural  rate  intensity  functions. 
53,  54/ 

Signal  processing  Sec  also  Acoustic  signal,  Electnc  input  to 

sound  system,  Hearing  aid,  Sinusoidal  acoustic  signal, 
Theory  of  Signal  Detection  (TsDX 
hearing  aid  for,  308 
and  saturation  effects,  316 

Silver  stain  method,  vs.  radioactive  labeling  method,  34 
Sinusoidal  acoustic  signal,  4  See  also  Acoustic  signal 
Sinusoidal  stimuli 
as  acoustic  stimulation,  11,  137 
damped,  357 
Skin  surfaces 
of  cot  Heal  regions,  123 
and  somatosensory  system.  121,  169 
Sleep,  effect  of  tinnitus  on,  2-,3 
Smoking 

factor  contributing  to  noise  induced  hearing  loss,  476  500 
factor  in  tinnitus  273 
Sociocusts  238 
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Somatosensory  conical  neurons,  receptive  field  (RF)  of,  12! 
Somatosensory  system,  121 
plasticity  of,  I2J-124 
and  skin  surfaces,  123, 169 
Sound  exposure  level  (SEX),  337-347 
and  asymptotic  threshold  shift,  363, 3634  3 64,3644  365, 
365/ 

and  attenuation,  408, 4084  409/ 

and  bandwidth,  337,  342/ 

empirical  weighting  function.  339, 3 1 1, 3434  344/ 

In  evaluation  hearing  protector  attenuation,  405, 4074  408, 
4084  409/ 

and  medial  olivocochlear  efferents,  4 16 
permanent  threshold  shifts  as  function  erf.  4604  4614  462 
and  sound  pressure  level.  337-338, 337t  3384  3424  3434 
364-365,458 
and  threshold  loss,  468 
Sound  pecssurc  amplitude 
at  entrance  of  bony  auditory  meatus.  4 
intraoochlear,  81 
bo-sound  pressure  level  17/ 
maximum  value,  4 
measurement  of,  44  108. 109/ 
with  reference  to  malleus  vibration  phase,  6 
Sound  pressure  level  (SPl) 

A  weighted  continuous  vs,  daily  personal  exposure  (EEP.dX 

533 

and  act  he  attenuation.  390 
and  auditory  fatigue,  260-266 
changes  at  hJgh  levels,  355. 358 
DC  component,  effects  of.  18 
and  damage  n$k  level  313.316-317,319.389 
In  evaluating  hearing  protector  attenuation,  402-403, 401, 
408 

in  experimental  basis  for  estimation  of  auditory  system 
hazard  to  impulse  robe.  337. 3374 
free- field  sound  pressures.  356. 356/ 
hJghpeaV.  325-327.  3404  341/ 
and  organ  of  Coni.  12, 1 10, 220. 525 
peak.  sound  pressure  level 
and  impubc  noise.  523 
and  sound  energy,  5?) 

and  permanent  threshold  shift,  159, 4604  461/ 
and  sound  exposure  level,  337-338, 3374  338, 338r  3104 
311/ 

Sound  transfer  function  (SIT) 
external  ear,  364 

and  hearing  protector  attenuation,  403 
middle-ear,  500 

between  tectorial  membrane  and  two  other  positions.  105 
405/ 

Sound  level  meters.  3 17.  352 

Sounds,  competing,  interference  in  measuring  hearing  loss. 
303-301 

Sounds,  loud,  11. 194  184  38-39.384  119-127  See  also 
Acoustic  stimulation  or  iraumaNoise  trauma.  Noise 
exposure,  Noise  trauma.  Overstimulation 
cell  sensitivity,  changes  in.  14/  15,  204  23. 244  25 
cranial  nerve  damage  from.  45-57,  120 
damage  to  central  auditory  structures,  1 19- 127 
damage  to  haw  cells,  1 1,  20/ 
chemical  interactions  of  drugs,  38-  39, 39/ 3cc  abo 
Ototoxic  drugs,  Kynuretuc  acid.  Cytochalasin, 

$ahc>  late.  Quinine;  Nunopidme 
effects  on  central  auditory  system,  121-122 
effects  of  hcxameihonaim  on  loud  sound  exposure,  432 
industrial  noise.  164  175.  237-210,269.  270 (Sccalso 
industrial  noise  Occupational  noise 
low  level  noise  induced  hearing  loss  from  short,  loud 
noises,  24 

and  neural  growth  functions,  52- 53,  524  53/ 
pretrauma  peak  amplitudes,  effects  of,  18, 20 
Spectral  (actor  distribution 
in  animals,  318-320 

A  B- ,  and  C-wcigbung  314.  316  320,  32lr  361,  369 
385 

and  audiograms,  314 


In  impulse  noise,  318, 321,3214  361-372 
industrial  noise,  314  Sccalso  Industrial,  noise,  spectral 
factor, 

permanent  and  temporary  threshold  shifts,  314-316 
Spectrum 

A  weighted  measure  of  enctgy,  316, 320, 3224  323, 349, 

361, 363-361, 369, 532 
distortion  with.  350 
Fooner  integral,  348. 362/ 

importance  for  rating  auditory  hazard,  349-358. 361-371 
model  spectral  analyzer,  350, 351/ 
range  of  applications,  350-354 
shaping  (of  speech  spectrum).  400 
spectral  distribution  of  weapon  impulses.  321 
Speech 

attenuation,  390-  392 

and  French  Committee  on  Weapon  Noises,  See  French 
Committee  on  Weapon  Noises, 
intelligibility,  392, 395. 398-399. 517 
normalization.  307 
reception.  282 
recognition  via  cues,  308 
speech  recognition  scores,  383-381, 384/ 
speech  transmission  Index.  517. 517/ 

SPIN  testing.  383 

Speech  audiometry  -See  also  Audiogram, 

1AP  computet  use  for  speech  processing.  308 
measurement  error  and  cfficncy,  289-  291,  2904  291 
in  noby  background.  291 
running  discourse  in,  289 
SPIN  testing.  383 
vs.  tone  audiometty.  282-283 
Speech  impairment,  and  hearing  loss,  292 
Speech  reception  threshold  (SRTX  283,  288. 290-291,  291/ 
Speech  Recognition  Performance  (SRPX  309 
Speech  transmission  index  (SPlX  517,  517/ 

Spiral  ganglion  cells 

and  auditory  brain  stem  response,  134-135 
changes  and  degeneration  of,  28-  29, 47,  1 30  1 32- 1 33 
1324  1354  201.233 
degeneration  In  quiet  aged  geibds,  247 
reduction  in  generation.  141 
and  weapon  noise  (guinea  pigsX  326 
density  of.  130. 1354  140/ 
of  hair  cells,  493 

and  ototoxic  drugs,  135/  137-138, 137/ 
reconstruction  of,  131/ 
survival.  131, 1364  137, 138/ 

Spiral  lamina,  schema  of.  85/ 

Spiral  ligament,  132/ 

Spontaneous  otoacoustic  emissions  (SOFsX  90-91, 94, 98 
101 

and  damaged  organ  of  Cortl,  101 
in  laboratory  animals,  101-102 
Stage  I,  U  overstimulation  See  Overstimulation,  stage  I  and  11 
Stapedius 

contraction.  500 

and  permanent  threshold  shift,  490 
reflex.  490,  502 
Stapes 

amplitude  limitation  356 
annular  ligament  of  355 
co-modulation  of,  357/ 
and  spectral  tuning  350,  352.  355 
volume  velocities,  83, 83t 
Steady  state  (DC)  component,  11-13  15.  16/ 

A  weighting  323,  367 
of  comparable  bandwniths,  367 
and  noise  control,  325 

and  spectral  factor  in  permanent  and  temporary  threshold 
shifts.  314-316  315/ 

StereocilU,  11  31 

actrn  filaments,  morphologic  changes  in,  23,  29.  41, 63,  68/ 
and  amplitude  level  functions.  168 
ciliary  length.  23* 

damage  to.  2<-  29 1  31-32.  38-39  65, 68 f  74  ■’?*  78/ 
acoustic  pow'r  corresponding  to  83/  8» 
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Stcrcooll*  (Continued)  v 
damage  tu  ( Continued) 

actin  depolymerization,  -189 
In  baby  chicks,  205 
from  cisplatln.176 

decreasing  mechanical  displacement  of,  15 
displacement  erf,  85 

•  fcynuremc  add  and  other  drugs,  59. 41, 45 
length  of.  85,  86/ 
lesions,  415 

nimopldiie,  effect  on.  43 
and  potassium  channels,  193 
In  quiet-  and  noise-aged  gerbils,  253-254 
reduced  stiffness  of  outer  hair  cell  stereoCiUa.  55-56 
of  regenerated  avian  cells.  219, 234 
maturation  of.  220-223 
vs.  normal  frequency  cells,  223/ 
rupture  of  roots  o i.  85 
and  salicylates,  179 
sinusoidal  displacement  of,  20. 22/ 
staining,  actin  specific,  67 
and  temporary  hearing  loss,  489-490 
Steven's  rule,  92 

Stimulus  See  ti-o  Brainstem  electrical  stimulation  (BES)i 
antidromic,  433 

intensity  and  detection  threshold.  146-147,  147/  151 
orthodromic,  433 

variability  of  threshold.  151, 467-474 
Stress 

response  and  repair  mechanisms  2 91  sustained  by 
stcrcocilla,  85.86.86/ 

Stress  protein  See  Protein,  heat  shock  (70  VI))  protein. 

Stria  vascularis,  loss,  degeneration  of  (gerfods)  249, 2504 
2514  252/ 

Strychnine 

and  compound  action  potential  theshold  shut  (In  dcctbclsX 
418,418/ 

in  experimental  animals,  416 
and  N1  amplitudes,  4(0 

and  olivocochlear  bundle.  415-416, 431. 434-435. 4354 
440-441,490 

Summating  potential  (SPX  442 
Suppott  cells  (chicks),  205-206, 207,  2074  211,  22(/ 
Suppression  period  pattern.  92 
Supra  aural  devices.  332-383,  389.  392,  395 
Surgery,  cause  of  tinnitus,  274 
Susceptibility  to  bearing  loss,  47-1,  476, 47*4  490 
and  acoustic  reflex.  500-501 
variability  See  Y'ariabiljty 
Swelling 
of  affcrctus,  65 
of  dendrites,  67, 674  70.  415 
induced  by  excitatory  amino  adds,  38 
for  Inner  hair  cells,  6-4, 65/ 
of  outer  hair  cells,  after  salicylate  administration,  r*9 
Syllable 

count,  isolated,  289 

vs.  phoneme  Count,  285-286,  2834  2864  290. 291/ 
sense  vs.  nonsense.  286-287,  286/ 
vs.  sentence  scores,  287-  288,  2884  289 
CVC  See  CVC  syllables. 

Symmetry 

in  effects  on  temporal  Integration,  153 
on  production  of  stimulation  supcrsensitivity  153 
in  reduction  of  variability  of  detection  thresholds,  153 
Synapse  38 

afferent,  53,  HI,  219,  2204  2224  493-496 
damage  from  acoustic  trauma,  415 
with  auditory  non  e,  197- 1981  200 
cell  synapse  combinations,  54f 
efferent  area,  193, 200,  219,  2204  222/ 
outer  hair  cell,  496-497 
extra  receptive  field  (RF)  syrupses,  121 
flattened  syndic  terminals,  141,  142 / 
between  hair  cells  and  auditory  nerve  197- 198,  200 
morphologic  changes  an.  130 
outer  hair  cell,  493-  496 


pre-  and  post  synaptic  elements,  contact  between.  141 
reduction  in  efficacy  of  synaptic  transmission.  56 
in  regenerated  cells  (avtanX  219 
maturation  of,  220 
stereocilia  oC  220, 223/ 

synaptic  Input  received  by  central  somatosensory  neurons, 
121 

vesicles,  (93-495. 494/  495/ 

Synaptic  complex, 

possible  role  In  protection  against  nooe  exposure,  497 
regenerated  hair  cells.  219-220. 221/ 

Tectorial  membrane  (TM) 
displacement  of,  85 
after  high  Intensity  noise,  214 
and  otoacoustlc  emissions.  90 
reduction  In  coupling  of  TM  with  outer  hair  cell,  25, 90 
In  regenerated  cells  (avtanX  219 
role  In  cochlear  frequency  selectivity,  23 
schema  of.  85 
shrinkage  of  and  Na\  23 
and  sound  transfer  functions  (STFsX  405. 403/ 
stiffness  of,  23 

types  of  collagen  and  polypeptides  In.  23 
Ca*  *  and  Ca*  *  chelating  agents  (EGTA  and  EDTAX  23 
Temperature  (body)  and  noise- Induced  hearing  loss.  490,  500 
Temporal  bone  3-4 
Temporal  Integration 
decrease  in,  150-15) 

grand  mean  temporal  Integration  function  for  multiple  burst 
stimuli.  147. 147/ 
and  hearing  Implant,  147-148 
reduction  In  hearing  Impaired  animal.  152,  152/ 
symmerry  In  effects,  153 

Temporal  procedure,  constant  stimulus.  twxsaJtcmative 
(2AT1CX  291-295 
vs.  'oddity*  procedures.  295 
Temporal  suppression.  92 
Temporary  loudness  shift  (TLS) 
and  auditory  fatigue.  259-266 
estimation  and  reduction  of  loudness.  262.  262/ 
monaural.  262 4  2644  265. 265/ 
role  of  exposure  duration,  259-  266 
exposure  frequency,  260-266 
exposure  level,  259-266 

and  temporary  threshold  shift,  259,  260,  263-265,  2634 
264,  2644  265 / 

Temporary  threshold  shift  (ITS)  See  also  Permanent 
threshold  shift.  Threshold  Shift 
and  A  weighting.  315.  319-320.  3204  3224  323.  514 
and  acoustic  reflex,  500.  506.  5064  508.  5 08/ 
and  asymptote.  259, 445 
attempts  to  predict  degree  of.  106 
and  auditory  fatigue,  259-  266 
and  auditory  nerve  dysfunction.  67 
and  band  limited  exposure,  260-261,  261/ 
and  basilar  membrane,  262 
and  Bells  palsy,  490 

and  bnun  stem  electrical  stimulus.  429,  4304  431-4)1, 
4334  See  also  Brain  stem  ciectncal  stimulus  (BES) 
uv  cats,  425 

changes  induced  by,  120-121,  120/ 
in  cochlear  sensitivity,  120, 120/ 
and  contralateral  cochlear  destruction  (CCDX  434-436, 
435/ 

crossed  cochlear  effects  on.  434-436 
and  damage  risk.  314-316 
and  decerthration,  440 

delay  in  ITS  after  impulse  no»se  exposure.  514-515 
and  duration  of  Impulse  514,  5l4f 
and  earplugs,  517 

effects  of  cutoff  and  center  frequencies  361-363  363 f 
and  enhancement  phenomenon,  158,  162.  162/  167 
frequency  pattern,  as  function  of  exposure  frequency, 

260-  263,  2614  262/ 

hexamethomum.  effects  of  J32 

and  hysteresis,  114 

and  impulse  no.se,  514-515 
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and  interaction  between  noise  and  physical  exercise. 
500-509 

introduction  of  concept.  4 89 
after  kanamycm  administration  (avian),  229-250 
and  lateral  inhibition,  122/ 
level  of  noise.  259-266 
continuous  noise. 

for  impulse  noise,  315  319-  320, 3204  334.336-33? 
loss  of  sensitivity  around  characteristic  frequency,  120, 
157-158 

In  noise-damaged  ear,  237-233 
in  chinchillas.  446-447 
and  onset  of  noise  Induced  hearing  loss,  30-31 
and  otoacoustic  emissions.  90, 92-93 
v$,  permanent  threshold  shift  (PT$X  31. 158, 489-490 
and  physical  exercise.  500, 506, 5064  $074  508 
post  -TTS  changes,  121 
pre*  and  post  exposure  time.  471-472 
protective  manipulations,  423-44} 
and  real  ear  at  threshold  test  data.  517 
and  salicylate;  182.  182/ 
and  sensitivity  to  acoustic  trauma.  197-200 
and  sound  pressure  level.  260-  266. 361-363 
spectral  factor.  Industrial  noise,  314-316, 319-320 
studies  of.  362-  365 

and  temporary  loudness  shift  (USX  259-  260. 263-  265, 
2634  2644  265/ 
and  toluene.  185 
from  toootopy.  111.  II 2/ 

underestimation  of.  315 

variability  of,  471-473 

and  weapon  Impulses,  322. 325-331. 326 1.  327/,  328t. 
3294  3304  33U 
Test  .one.  12. 14/ 

depolarization  of  outer  hair  cell  during  loud  tone.  13 
hair  cell  responses  to,  1},  134  14/ 

Tcwodotoxin.  139 

Theory  cf  Signal  Detection  (T5DX  303-365 
Threshold,  hearing  5cc  also  1  (earing,  loss.  Threshold  shift. 
Permanent  threshold  shift.  Temporary  threshold 
shift 

and  A* ,  B* .  and  O weighting.  316. 385 
vs  age  as  factor  in  noise- induced  permanent  hearing  loss 
(N1PTX  217 

compound  action  potential.  74, 120. 4164  4174  4184  425 
and  damage  risk  for  low  impulse  noise.  }16 
eftect  ot  systematic  variations  in  spectral  content  of 
impulses.  362-363 

loss  with  dose  system  exposure  (rahbitsX  470, 471/ 
pre  and  post  exposure.  471-472.  474 
real  car  attenuation  at  threshold  method  of  evaluating 
hearing  protection.  401-405 
technique  of  measuring  attenuation.  405, 4064  407/  408. 
411 

and  tinnitus,  272-27) 

Threshold  shift  (TSX  73-  74. 212  See aho  Permanent 
threshold  shift.  Temporary  threshold  shift 
acoustic  reflex  and.  500-501. 508, 5084  515. 516/ 
vs  age  as  factor  in  noise-induced  permanent  tinnitus 
(NIPT).  271 

asymptotic,  241,  362, 445-4a6 
and  auditorv  fatigue,  259 
before  and  after  broad  band  noise,  477/ 
in  Cv  »,425 

in  chinchillas,  445-455  4  /6-  477, 477/ 

and  cfcpUtln,  177, 1784  179, 1794  ’  ‘ 

from  conditioning  exposure  482 

and  contralateral  acoustic  stimulation  (CAS X  434-436, 

4354  436/ 

and  contralateral  cochlear  destruction  (CCD).  436,  4)7/ 
and  daily  noise  exposure,  51$ 
in  de-efferentiated  cats.  425,  426/ 
decrease  with  repeated  exposure,  484-485 
and  duration  of  impulse,  514-515,  516/ 
and  efferent  feedhrek,  84 
lack  o4425 

and  enhancement  phenomenon,  158- 159. 162 
exposure  parameters,  162- 16)  1614  260-262  476-47^ 


frequency  stimulation,  7)-74. 81-82,356. 476-477 
as  function  «f  days  of  exposure  to  noise,  449, 451, 451 4 
45264534  476-477 
as  function  of  frequency,  4604  4S5 
half  octave.  489 

inter  action  between  low.  and  high  frequency  energy,  321 
Isonuxiraum,  82 

monitoring  and  counseling  workers  with,  523 
and  octave  band  of  noise,  445-446. 449, 476-477, 477/ 
before  and  after  exposure  to.  447, 4484  449, 4494  4514 
477/ 

and  olivocochlear  efferent  bundle  (catsX  42 6/ 
and  ossicular  removal  (chinchillas); 447, 449, 4514  454 
pre-  and  postexposure,  478-482,4794  4804  4814  482 / 
and  permanent  thcshold  shift,  484 
pure  tone  stimuli,  74-75. 754  243 
reduced  with  repeated  exposure,  476-477 
and  resistance  to  noise,  476-487 
and  rest,  445-455 
reversibility  of,  489 
and  silicylatcs.  181, 181/ 
short  term,  amplitude  of.  754  "6/ 
and  stcreocilia,  489 
and  tinnitus,  271 
and  tone  bursts,  417-418 
from  traumatic  exposure,  482-483 
variability  of,  471-473 
Thymidine 

and  DNA,  2v5-207, 207/ 
and  regeneration  of  hair  cells,  228-2)5 
Thyroid  deprivation.  198 
Time  weighted  average  exposure  (TWA) 
and  permissible  noise  cxporurc.  522-523 
and  sound  pressure  IcvcC  522-523 
testing  of  persons  working  In.  )8) 

Unrutin  269-275 

age  as  a  factor  In.  270-271.  275. 277 

auditory  evoked  magnetic  fields.  277-281 

bdatcral  vs.  unilateral.  272 

causes  other  than  noise  exposure,  274 

dental  treatment  as  factor.  274 

depression  as  factor,  273 

discomfort  and  symj>toms  of.  274 

epidemiology,  274-275 

frequency  specific.  272-273 

gender  rs  a  factor  In.  271 

and  head  trauma.  274 

and  hearing  loss,  273 

Industrial  factors,  269-270  See  also  Industrial  noise. 

Occupational  noise 
Insurance  compensation  foe,  274 
intermittent,  280/ 

interval  (time)  between  onset  of  hearing  loss  and  onset  of 
tinnitus,  274 

laterality,  factor  in.  272,  272/ 
loudness  and.  27) 

noise  induced  permanent  (MPIbX  260,  270,  27  Ir 
incidence  of  in  connection  with  noise  exposure. 

270-271,  270c  271/ 
prevention  from,  274-275 
“objective,*  277-281 
permanent,  280 / 
pure  tone,  272 

remission,  tracing  process  with  auditory  evoked  magnetic 
field,  278 
“subjective  *  277 
and  threshold  shift,  271 
treatment,  273-275,  280 
unilateral,  27T 
Toluene 

and  inner  hair  ceil  loss,  185 
interaction  with  noise  and  drugs  175 
and  permanent  threshold  shaft.  185 
Tooe-audjometric  ioss-s,  282 

Tonotopic  organization,  auditory  cortex  (catsX  12),  124f 
Tonotopy  111.  1 1 2/ shift m.  110 
and  temporary  time  shift  (TTSX  1 1 1 
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Transducer,  I !,  25  See  also  Transduction, 
and  active  attention  system,  590 
autoacoustic,  for  measuring  impulse  noise,  316-318 
gating  spring.  32 
mechamcoelectric  transducers 
in  (future  research,  32 
and  piezoelectric  system,  81 
Site  ot  hearing  loss,  25. 32 

Transdudvc  conductance,  source  of  nonlmcanty,  1 1, 53 
Transduction  See  a/so  Transducer 
and  acute  acoustic  trauma,  57 
blocking.*  193 

changes  in  mcchanocieetrical  transduction.  56 
closure  of  channels  for,  50, 52, 534  54 
Impaired.  50 
in  low  frquency  areas,  57 
m^or  stages  ot  49. 50/ 
and  neural  growth  function,  52 
role  of  outer  and  inner  hair  cells,  49 
sites  of  disruption,  50/ 
and  temporary  threshold  shift  (TTS).  442 
Transfer  function,  51/  73, 500 
Transneural  damage.  In  organ  of  Corli.  29# 

Trinitrotoluene  (TNT)  explosion  325. 327#,  328#,  329« 

Tuning  properties  of  hair  cells,  15, 1 6/  174  98.  1 12/ 

Turgot,  net,  of  outer  hair  cell.  150 
Turns,  apical 
actln  in.  60 

aminobutyrtc  add  (OAttA).  60 
cholinergic  Input,  61 

damage  from  highfrequency  and  low  -frequency  exposure, 
65.70 

DC  receptor  potential.  60 
degeneration  of  stria  In,  248-249,  250 Z  251/ 
hair  cell  loss  in.  253 
loss  of.  effect  on  hearing,  60. 61/ 
sensitivity  to  ototoxic  agents.  60 
and  noise  exposure  (chinchillasX  445, 454 
32P  labeling  of  phosphoinositkJes  in.  60 
Turns,  basal  1 32/.  297 
actin  (n,  60 

aminobutyric  acid  (CAHA).  60 
in  cats,  425 
cholinergic  Input.  60 
and  cfepiuln.  177 
DC  receptor  potential  60 
degeneration  of  stria  in.  2  48-  2  49 
loss  of.  effect  on  hearing  61, 61/  103, 108/ 
and  noise  exposure  (ctunchdlasX  445.  454 
in  "notsc-aged"  gerbds.  249-250 
and  ototoxic  drugs.  60 
sensitivity  to  ototoxic  agents,  60 
Two  tone  suppression  before  and  after  noise  trauma 
suppression,  53 
Tympanic  membrane 

and  acoustic  measurements  4,82/ 
bony  meatus  near  3 

in  evaluation  of  bearing  protector  attenuation,  402-404 
after  exposure  to  w  capon  noise  (guinea  pig),  326 
stimulus  applied  to,  81 
Tyropanogram,  363 
Tympanum,  74 

United  States  Department  of  Labor  521-522 
tippet  respiratory  infection  as  cause  of  tinnitus.  274 
t  uluy  industry  and  nose.  534#,  524 

VacuoluaUon 
of  dendrites,  65-66 

of  smooth  endoplasmic  reuculum,  with  salicylate 
administration,  179 

Vanabditv 

exposure  conditions  469-470,  472-474 
and  frequency,  4V4 

o#  noise  induced  permanent  threshold  shift  467-474  4681 

and  sound  level,  468-470,  469/ 

sources  of.  TO-474  476,483  485/ 

susceptibility  to  hearing  loss.  474  476  4*7/  490  500-501 


test  retest,  in  normal  hearing  rabbits  and  noise-exposed 
rabbits.  471, 471/  • 

Vestibular  system  (avianX  223. 225/ 

Vibration  characteristics  See  also  Vibratory  response, 
amplitude  5-6, 6/ (See  Malleus,  vibrations  c *  amplitude.) 
cellular,  6/ 

as  function  of  frequency,  6f,  157-158 
growth  before  trauma,  51 
of  malleus,  5 / 

In  meters  per  microbar,  6/ 
suppressor,  55 

Vibratory  response  See  also  Vibration  characteristics 
basilar  membrane1 6-7, 7/  St 
cellular,  6 

of  cochlea,  and  heanng  loss,  49 
of  cochlear  partition,  II 
tompression.  49 
compression  aids,  308 
loss  of.  50, 107 

direction  of  maximum  vibration.  9 
disruption  of  detection  of  by  inner  hair  cells,  56 
and  Immersion  of  middle  car  In  fluid.  5 
of  malleus,  5  (See  also  Malleus,  vibrations  of,  amplitude.) 
measurement  of,  48/  49 
of  organ  of  GortL  4Sf$cc  also  Cortl,  organ  of 
ratio  of  basilar  membrane  vibration  compared  with  outer 
hair  cell  vibration  amplitude,  9/ 
suppressor  vibration.  55 
Mmentih.  67, 70 
Vitamins,  38 
Vowel  recognition 
count,  vs.  syllabic  count,  287 
as  cues.  308 

formants,  first  and  second,  286,  308 
LAP  computer,  308-  y -? 

and  multidimensional  scaling  analysis  (MD$X  281.  285/ 

287 / 

normalization.  308  •  309 
point  vowels,  307 
in  presbycusis.  281-28$.  285f 
unnatural  vowel  duration.  286.  286/ 

Walsh  Healey  Noise  standard  See  Occupational  noise, 

Walsh  Healey  Noise  Standard. 

Waveform.  278-280, 278/  279/  280/ 

Friedlandcr.  353-356, 353/  $5<Z  356 f.  513,  517 
impulse  noise  parameter.  325-326 
spectra)  analysis  of,  339, 340/,  341/  342/  355 
Weapons,  313,  317,  319-320.  320/  321#.  322-323.  322/ 
325.  355-356  Sa  also  Military  notw  standards 
and  afferent  nerve  endings,  fibers.  326 
damage  from,  327 1,  328-329,  328/  329/  513-519 
car  protection,  use  of,  321-322.  321#,  333,  333/  513-519 
tee  also  Hearing  protector  devices.  Protection  from 
noise 

frequency  of  exposure,  333-  33  * 

large  caliber  vs.  small  caliber,  513,  516 

and  primary  response  (PfrX  327-328 

reverberation,  323 

shockwave,  5l4,  514/ 

spectral  distribution  ot  weapon  impulses  321 

temporary  threshold  shi/t,  322.  322/ 

Weighting 

A ,  B ,  C  314, 316  5ee  also  Spectral  factor,  distribution  A . 
B-,  and  C-wcighting 

frequency-dependent  wonting  functions.  313-323,  389 
P  weighting.  343 Z  344/  345/  546-347,  346/  347 
White  noise.  30/  188 
cochlear  impairment  from,  188 
in  evaluation  of  heanng  protector  attenuation,  401-403, 
411 

in  testing  acoustic  reflex  soi 
visual  and  auditory  cues  during,  308 

Xanunol  rucoutute 

combined  with  pentoxvphytlin  for  treatment  of  tinnitus, 
273-2^4 
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